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Abstract 
      
The use of minimally invasive techniques can dramatically improve patient outcome from 
neurosurgery, with less risk, faster recovery, and better cost effectiveness when compared 
to conventional surgical intervention. To achieve this, innovative surgical techniques and 
new surgical instruments have been developed. Nevertheless, the simplest and most 
common interventional technique for brain surgery is needle insertion for either 
diagnostic or therapeutic purposes.  
     The work presented in this thesis shows a new approach to needle insertion into soft 
tissue, focussing on soft tissue-needle interaction by exploiting microtextured topography 
and the unique mechanism of a reciprocating motion inspired by the ovipositor of certain 
parasitic wasps. This thesis starts by developing a brain-like phantom which I was shown 
to have mechanical properties similar to those of neurological tissue during needle 
insertion. Secondly, a proof-of-concept of the bio-inspired insertion method was 
undertaken. Based on this finding, the novel method of a multi-part probe able to 
penetrate a soft substrate by reciprocal motion of each segment is derived. The 
advantages of the new insertion method were investigated and compared with a 
conventional needle insertion in terms of needle-tissue interaction. The soft tissue 
deformation and damage were also measured by exploiting the method of particle image 
velocimetry. Finally, the thesis proposes the possible clinical application of a biologically-
inspired surface topography for deep brain electrode implantation.  
      As an adjunct to this work, the reciprocal insertion method described here fuelled the 
research into a novel flexible soft tissue probe for percutaneous intervention, which is 
able to steer along curvilinear trajectories within a compliant medium. Aspects of this 
multi-disciplinary research effort on steerable robotic surgery are presented, followed by a 
discussion of the implications of these findings within the context of future work. 
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Chapter 1 Introduction 
“There is no substitute for hard work”    Thomas Edison 
 
1.1 Introduction 
There is evidence of using needles since the Stone Age when the needles made of fish 
bone and sharpened stone, dating approximately to 3000 BC, were found in China in 
1963. Bone/Stone needle technology was used until the 2nd century BC, when they were 
replaced with metal (bronze, gold, silver and steel) needles [4]. Acupuncture also 
originated around this time.   Nowadays needle/probe insertion is the most common and 
widespread surgical and medical intervention. It is a beneficial procedure for many 
medical practices such as diagnoses, therapeutics, and scientific research.   
     Current trends in medical intervention favour a minimally invasive approach, in which 
complex procedures are performed through the skin via a needle or probe for diagnosis 
and local therapy. The accuracy of percutaneous needle insertion is highly important 
regarding  the effectiveness of treatment and precision of diagnosis [5]. However, errors 
in needle targeting can occur due to the limitation inherent in conventional instruments 
and the complexity of tissue behaviour under load. 
      Percutaneous approaches found in natural systems can be used as inspiration for 
solving engineering challenges to needle/probe insertion. For example, the mechanism of 
a proboscis insertion through the skin by a mosquito, and the wood boring behaviour of 
ovipositor parasitic wasps can be studied in order to develop a next generation of surgical 
tools. Within this context, the aim of this research has been to investigate novel 
biologically inspired approaches to probe insertion into a compliant medium, which can 
be used to design new minimally invasive surgical instruments that address some of the 
limitations of conventional minimally invasive surgical instruments. 
     This chapter aims to describe two key concepts:  
1) The medical motivation behind minimally invasive surgery 
2) Biologically-inspired methods of probe insertion into soft tissue  
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This chapter will then conclude with an outline of the aim and the research objectives of 
this work, followed by a summary of subsequent chapters. 
 
1.2 Medical motivation 
Minimally invasive surgery (MIS) has been progressing rapidly due to the great clinical 
benefits. It provides the required therapeutic intervention while minimizing tissue trauma. 
The increasing success of MIS over the last decade has been accelerated by technological 
advances in micro-instrumentation, surgical navigation and endoscopy providing the 
virtual vision and imaging modality. Therefore, research into less invasive techniques has 
been carried out simultaneously with the development of new surgical devices for 
decreasing tissue trauma. This technological development has been matched with 
improvement in surgical methods and the range of interventions for which it can be used. 
      Probe insertion can be implemented for the majority of medical applications such as 
fluid sampling, tissue biopsy, tissue ablation, brachytherapy, drug delivery, and tool 
implantation. The effectiveness of those treatments is highly dependent on the accuracy 
of percutaneous insertion including insertion techniques, probe geometry, navigation 
systems and characteristics of target tissue. However, targeting errors can occur during 
probe insertion, especially into very soft organs such as liver, kidney, breast, prostate, 
blood vessels, brain, etc. Then, the targeting error may occur due to target movement, 
tissue deformation and probe deflection. The misplacement of probe intervention can 
reduce the benefits of treatment and lead to complications. Even sub-millimetre errors 
can be significant in complex organs such as the eye, ear and brain.   
     Probe insertion into the brain is more common than open skull surgery, but it is a 
challenging procedure. The brain is very complex and it consists of very soft tissue which, 
in some ways, is similar to e.g. soft gelatine. It is enclosed by the thick bone of the skull 
and three layers of membrane. The brain is suspended in a clear liquid called cerebrospinal 
fluid (CSF) and supplied by a network of blood vessels. The brain surface is composed of 
folding sheets of neural tissues and connected with internal structures via neural tracts. 
The brain tissue can be damaged by mechanical injury, consequently resulting in impaired 
function. Moreover, the displacement of the brain can cause tissue deformation and brain 
shift that leads to the misplacement of deep seated targets, with consequent introduction 
of localization errors. 
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     Probe insertion through a keyhole (i.e., a small bone window with diameter of around 
20 mm on the skull) is a common procedure in the field of brain surgery.  There are 
several applications for probe insertion into the brain such as biopsies [6], ventricular 
drainage [7], cystic aspiration [8], deep brain electrode implantation [9] and brachytherapy 
[10]. The accuracy of probe targeting is highly important in clinical practice for precision 
diagnosis and optimal therapeutics. The errors of a procedure can take into account 
damaged and deformed brain tissue along the probe track. Target displacement in 
millimetres due to tissue deformation and probe deflection is also considered [11]. 
Therefore, pre-operative planning by visualization devices (Computer Tomography, 
Magnetic Resonance Imaging), probe positioning by stereotactic frame or navigation 
system, and real time imaging (ultrasound or intra-operative MRI) enable surgeons to 
target lesions deep inside the brain both safely and accurately. The use of manipulators 
and/or medical robotics can increase target precision. However, the probe insertion 
technique is presently still performed in the conventional way of direct pushing from the 
proximal end using a straight rigid needle or probe, but this may cause significant pressure 
on the tissue which could lead to damage to the surrounding tissue. Thus, the medical and 
technical challenges involved in probe-brain insertion require a new method of probe 
insertion which can provide higher accuracy together with less tissue deformation, target 
displacement, and minimal tissue damage. 
 
 
Figure 1.1: Probe insertion through a keyhole to reach a target inside the brain (Image 
courtesy of the Laboratory of Neuro Imaging, UCLA). 
 
The term biomimetics or bio-inspired engineering is defined as a design and system of 
engineering or technological applications adopted from biological methods found in 
natural systems [12]. The advantages of biomimetics in engineering are that the biological 
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organisms evolutionally develop in nature by adaptability, reliability, autonomy and 
miniaturization [13]. An example of medical technology that humans have developed 
from Nature is ultrasonic imaging which is inspired from the echolocation of bats.  In 
particular, the drill mechanisms of many insects are an intelligent system to be investigated 
for medical application. For instance, Gao et al. [14] designed a biomimetic drill inspired 
by the reciprocating mechanism of wood boring wasps (ovipositors). It can be used in low 
gravity environments without using external force by drilling through the surface. It was 
thus suitable for space missions. Such a bio-inspired approach, when applied to surgery, 
offers potential for less deformation and tear, reduced risk of buckling, and may also be 
used for probe insertions along curvilinear paths. In this thesis, the biological system of a 
drilling mechanism has been studied in order to propose a new method of probe insertion 
into the soft tissue for use in next generation surgical tools and to demonstrate its 
potential advantages. 
 
 
Figure 1.2: (Left) Wood wasp, Sirex noctilio, drilling into wood (Image courtesy of Boris 
Hrasovec, Faculty of Forestry, Bugwood.org). (Right) Schematic view of the drilling 
mechanism by reciprocating motion of an ovipositor (Image courtesy of New Scientist). 
 
The research contents in this thesis were conducted by the author in the Mechatronics in 
Medicine Laboratory, Department of Mechanical Engineering, and in the Institute of 
Biomedical Engineering at Imperial College London between April 2007 and September 
2010. It is part of the wider group’s efforts to develop novel micro-mechanical surgical 
probes for keyhole surgery. Thus, some parts of the thesis have contributions from by 
fellow researchers; Dr Andreas Schneider manufactured the microtextured probes and 
strips described in Chapter 4, 5, 6 and 8. Luca Frasson designed the multi-part probe for 
the experiments in Chapter 6 and 7. Johannes Kerl supported the laser spectroscopy 
laboratory for the rig set up in Chapter 7. 
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     The challenge for this work is to prove the applicability of such bio-inspired probes to 
neurosurgery, by investigating their characteristics in brain and brain-like tissue.   
 
1.3 Aim and objectives 
The aim of this thesis is: 
 
     To investigate novel biologically inspired approaches to probe insertion into a compliant medium, which 
can be used to design new minimally invasive surgical instruments that cause less tissue trauma and may 
be steered along curved trajectories. 
 
     This requires a literature survey and research study exploring the areas of soft-tissue 
biomechanics, percutaneous intervention, biomimetics and probe-tissue interaction as 
well as a perspective of clinical application. Therefore, this thesis aims to achieve the 
following objectives. 
 
1) Identify the medical requirements for percutaneous interventions and limitations 
of conventional tool-insertion methods during minimally invasive procedures. 
2) Evaluate the dynamics of the probe-tissue interaction, when conventional probes 
are used, in terms of reaction forces, tissue deformation and tissue damage. 
3) Develop realistic brain phantoms and isolate a phantom which is suitable for 
probe insertion experiments. 
4) Investigate the key features of biologically inspired probe insertion in terms of 
microtextured geometries and mechanisms for tissue penetration. 
5) Propose a novel concept of tissue traversal by reciprocating motion of a multi-part 
probe which utilises microtextured surfaces. 
6) Assess the applicability of microtextured surfaces for medical applications. 
a) Investigate the influence of the microtextured surface on the frictional 
forces during probe insertion and extraction. 
b) Apply the concept of microtextured surfaces for preventing probe 
slippage in DBS electrode implantation. 
7) Investigate if the novel method of probe insertion into soft tissue, based on 
reciprocal motion of a multi-part probe, is feasible for percutaneous intervention. 
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a) Investigate the motion performance of probe microtextured structures on 
a compliant tissue surface using reciprocal motion. 
b) Investigate a novel concept of tissue traversal which is achieved by 
reciprocating motion of a multi-part probe which utilises  microtextured 
surfaces 
c) Analyse the performance of the novel insertion method based on 
reciprocal motion in terms of probe/tissue interaction force and of tissue 
deformation and damage. 
8) Provide evidence that a flexible multi-part probe can be steered along curved 
trajectories. 
 
     The overall purpose of this thesis is to prove the hypothesis that a novel method of 
probe insertion into soft tissue based on reciprocal motion is feasible and applicable for 
minimally invasive neurosurgery. 
 
1.4 Outline of the thesis 
This thesis begins with an introduction of minimally invasive surgery (MIS), the 
importance of the human brain and the state of the art behind biologically inspired 
methods of probe insertion. 
     Chapter 2 provides a review of the human brain mechanics.  Following that is an 
overview about common types of neurosurgical probe for minimally invasive brain 
surgery and different methods of testing needle insertion into soft tissue. The current state 
of needle insertion into soft tissue as found in the literature is laid out to complement the 
main analysis of this thesis. Finally, the state of the art in research of bio-inspired 
engineering is described, where engineering challenges imposed by the advances in 
surgical technology are addressed for minimally invasive interventions and the solutions 
appearing in literature serve as a starting point of this study. 
     Chapter 3 discusses the development of a realistic brain phantom. The mechanical 
properties of the human brain are explained in this chapter with two different kinds of 
artificial soft tissue selected to imitate the brain stiffness in compression/tension. Also 
included is the biomechanical verification of a brain-like phantom and the development of 
a soft tissue phantom for probe insertion.   
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     Chapter 4 is a complete description of the biologically inspired probe including 
conceptual design and prototype manufacturing. It starts with topographic specifications 
and mechanical analysis of microtextured probe insertion into soft tissue, comparing this 
with conventional neurosurgical probes. This work demonstrates that the microtextured 
surface affects the frictional force, which can be modified, and initially provides a proof of 
concept of reciprocating motion as an aid to forward motion. 
     Chapter 5 discusses reciprocating motion by anisotropic microstructures on example 
soft tissue surfaces, which generate different frictional forces that affect and enable 
forward motion along the surface. This work proves the feasibility of tissue traversal, by 
reciprocating motion, of bio-inspired microtextures with zero net forces (i.e., without 
direct tissue pushing). The specific tissues were defined as having different mechanical 
properties which provide variations in the texture-tissue interaction. 
     Chapter 6 investigates the multi-part probes reciprocating motion required to penetrate 
through the soft tissue. It starts with the mechanical design, probe prototype and actuator 
system, with corresponding hardware and control electronics. This is followed by the 
testing protocol to prove that the effectiveness of tissue traversal is achieved by adding 
the microtextured structure on the probe shaft. Conclusions on the demonstration of the 
biologically inspiration of the novel needle insertion are then drawn. 
     Chapter 7 describes the tissue-probe interaction, using the relationship between force 
measurement and tissue displacement, focussing on soft tissue responses during probe 
insertion with two aspects of the bio-inspired probe. First is the feature of microtextured 
structures on the probe surface, and the second is the function of the reciprocal 
mechanism on probe motion. The advantages of the new method of insertion of the bio-
inspired probe is qualitatively revealed and compared with conventional probe insertion 
via a direct push from the back. Designs of the test rig are also presented for the proof of 
concept of a less invasive technique for soft tissue insertion, with preliminary results of a 
histological study on an ex vivo rat brain. 
     Chapter 8 includes a detailed report of an application of tissue-tool interaction 
performed by the biologically-inspired probe for DBS electrode implantation. It 
comprises of the fabrication of the microtextured strips, the testing algorithm for the ex 
vivo experiment and discussions. The other beneficial application of this approach to 
forward motion relates to the development of a steerable probe which is able to follow a 
curved trajectory in the soft tissue. A new method which is based on the reciprocating 
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motion of multi-part probes, for application to next generation surgical tools is also 
presented.  
     The final chapter of this thesis concentrates on the results of conventional probe 
insertion, microtextured probe and multi-part probe development, followed by the proof 
of the reciprocating motion through a compliant medium which demonstrates the 
achievement of tissue traversal via the new method of the bio-inspired probe system for 
percutaneous intervention. A summary of the contributions to the field of biomechanics 
and biomimetics of this research is presented, and future research on several aspects 
regarding the next generation of surgical probe, in vivo experiment, and histological study 
of the tissue damage are proposed. 
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Figure 1.3: The structure of Thesis 
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1.5 Measures of success 
The research has resulted in a number of publications which are described in detail below: 
 4 published journal papers 
 9 conference publications 
 
International Journals  
 
 L. Frasson, S. Y. Ko, A. Turner, T. Parittotokkaporn, B. L. Davies, J. F. Vincent, 
and F. M. Rodriguez y Baena, "STING: a Soft-Tissue Intervention and 
Neurosurgical Guide to Access Deep Brain Lesions Through Curved 
Trajectories", Proceedings of the Institution of Mechanical Engineers. Part H, 
Journal of engineering in medicine, 224(6):775-788, 2010. 
This article, led by collaborators on the development of a novel flexible probe 
providing curvilinear trajectories inspired by biomimetic foundations in order to 
integrate with the robotic system (Chapter 6). The author contributed the bio-
inspired foundations of streerable probe to achieve curved trajectories  regarding to 
reciprocal mechanism of multi-segment probe coupled with microtexturing and risk-
based trajectory planning for the brain (Appendix A and C). 
 L. Frasson, T. Parittotokkaporn, B. L. Davies, and F. M. Rodriguez y Baena, 
"Early Developments of a Novel Smart Actuator Inspired by Nature." Int. J. 
Intelligent Systems Technologies and Applications, vol. 8, pp. 409-422, 2010.  
This article, led by collaborators imply the feasibility of a biologically-inspired probe 
based on microtextured surface and reciprocating mechanism, which can traverse on 
soft tissue surface without pushing actuator from the back. The author involved 
conducting the experiments and result analysis to support the early feasibility study 
(Chapter 4 and 5). 
 Schneider, L. Frasson, T. Parittotokkaporn, F. M. Rodriguez y Baena, B. L. 
Davies, and S. E. Huq, "Biomimetic Microtexturing for Neurosurgical Probe 
Surfaces to Influence Tribological Characteristics During Tissue Penetration." 
Microelectronic Engineering, vol. 86, pp. 1515-1517, 2009.  
This article, led by collaborators, uses the micro-manufacturing techniques to 
fabricate microstructure geometries of a bio-inspired probe which can provide 
bidirectional friction force during probe insertion and extraction into biological 
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tissue. The author involved with performing experiment and analysing results 
(Chapter 4). 
 A. Di leva, F. Grizzi, E. Rognone, Z. T. Tse, T. Parittotokkaporn, F. M. 
Rodriguez y Baena. "Magnetic Resonance Elastography: a General Overview of 
Its Current and Future Applications in Brain Imaging." Neurosurgical Review, vol. 
33, pp. 137-145, 2009. 
This article, led by collaborators, demonstrates the novel application of Magnetic 
Resonance Elastrography (MRE) in clinical perspective of brain imaging 
technologies. The author described the biomechanics of human brain (Chapter 3). 
 
Conference Contributions 
 
 T. Parittotokkaporn, L. Frasson, A. Schneider, B.L. Davies, P. Degenaar, F. M. 
Rodriguez y Baena. "Insertion Experiments of a Biologically Inspired 
Microtextured and Multi-Part Probe Based on Reciprocal Motion." 32nd Annual 
International Conference of the IEEE Engineering in Medicine and Biology 
Society. Buenos Aires, Argentina. August 31 - September 4, 2010.  
This article, led by the author, demonstrates the effective tissue traversal of reciprocal 
motion of a multi–part probe facilitated with anisotropic microtextured surfaces. The 
reciprocal insertion method demonstrates without the need of overall forward push 
and less force transferred to the soft tissue (Chapter 6).  
 T. Parittotokkaporn, P. Degenaar, B.L. Davies, F. M. Rodriguez y Baena. "Force 
vs. Displacement During Tool Insertion: Techniques and Modelling Approaches." 
The Hamlyn Symposium on Medical Robotics. The Royal Society London UK, 
May 25, 2010.  
This article, entirely led by the author, introduces a new mechanical model of 
reciprocal motion of a four-part probe penetrating into a viscoelastic material in order 
to explain the behaviour of probe-tissue interaction (Appendix B). 
 T. Parittotokkaporn, L. Frasson, A. Schneider, S.E. Huq, B.L. Davies, P. 
Degenaar, F. M. Rodriguez y Baena, D.G.T. Thomas. "Advanced Surface 
Topographies for Deep Brain Stimulation (DBS) Electrodes: A Possible Means to 
Reduce Probe Migration." The Marseille Neurosurgery 2009 Joint Annual Meeting 
(EANS-SFNC) March 27-31, 2009. 
 
 
Chapter 1                                                                                         Introduction 
34 
 
This article, entirely led by the author, introduces the medical application of 
microtextured structures to be added to novel DBS lead. Based on the preliminary 
results in the previous article, the anisotropic textures provide gripping effect on 
surrounding tissue and reduce the DBS like sample migration (Chapter 8). 
 T. Parittotokkaporn, L. Frasson, A. Schneider, S. E. Huq, B. L. Davies, P. 
Degenaar, J. Biesenack, and F. M. Rodriguez y Baena, "Soft Tissue Traversal with 
Zero Net Force: Feasibility Study of a Biologically Inspired Design Based on 
Reciprocal Motion." in ROBIO 2008, IEEE International Conference on 
Robotics and Biomimetics, 2009, pp. 80-85.  
This article, led by the author, demonstrates the achievement of tissue traversal by 
reciprocal motion of anisotropic toothed samples along the surface of a soft tissue 
with zero net force (Chapter 5). 
 L. Frasson, T. Parittotokkaporn, B. L. Davies, and F. M. Rodriguez y Baena, 
"Early Developments of a Novel Smart Actuator Inspired by Nature.", in 15th 
International Conference on Mechatronics and Machine Vision in Practice 2008, 
pp. 163-168.  
This article is already described in the journal publication above (Chapter 4). 
 L. Frasson, T. Parittotokkaporn, A. Schneider, B. L. Davies, J. F. V. Vincent, S. 
E. Huq, P. Degenaar, and F. M. Rodriguez y Baena, "Biologically Inspired 
Microtexturing: Investigation Into the Surface Topography of Next-Generation 
Neurosurgical Probes." in 30th Annual International Conference of the IEEE 
Engineering in Medicine and Biology Society, 2008, pp. 5611-5614.  
This article, led by collaborators, focuses on the characterization of the insertion and 
extraction forces during the probe penetrating into cadaveric pig brain with different 
size and geometry of microtextured structures. The author contributed the 
experimental set up and result analysis (Chapter 4). 
 L. Frasson, T. Parittotokkaporn, G. Dogangil, B. L. Davies, P. Degenaar and F. 
M. Rodriguez y Baena, "Biologically Inspired Microtexturing – Preliminary Results 
of a Novel Steerable Probe for Robot-Assisted Neuroendoscopy." in 
Bioengineering 08; 18 -19 Sept. 2008, London, UK.  
This article, led by collaborators, describes the foundation of a novel steerable probe 
based on the mechanisms of ovipositor with preliminary results of microtextured 
probe penetrating into soft tissue. The author assisted the experimental set up and 
result analysis (Chapter 4). 
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 A.Schneider, L. Frasson, T. Parittotokkaporn, F. M. Rodriguez y Baena, B. L. 
Davies, and S. E. Huq, "Biomimetic Microtexturing for Neurosurgical Probe 
Surfaces to Influence Tribological Characteristics During Tissue Penetration." in 
Micro & Nano Engineering 2008; 34th International Conference, 15 -18 
September Athens - Greece, 2008.  
This article is already described in the journal publication above (Chapter 4). 
 A. Schneider, L. Frasson, T. Parittotokkaporn, F. M. Rodriguez y Baena, B. L. 
Davies, and S. E. Huq, "Microfabrication of Components for a Novel Biomimetic 
Neurological Endoscope." in 4M Multi-Material Micro Manufacture; 4th Int. 
Conf., 9-11 Sept. 2008, Cardiff, UK.  
 The article, led by collaborators, focuses on the fabrication of fins and teeth 
microstructures mounted onto probe prototypes in order to characterize tribological 
interaction with tissue. The author was involved in the sample testing with gelatine 
phantom (Chapter 4). 
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Chapter 2 Literature Review 
 
Minimally invasive surgery has driven the development of advanced surgical technology. 
The development of such instruments requires a deep understanding of the interaction 
between soft tissue and tools. 
     In this Chapter, review of the literature is divided into three main sections: 
1) The biomedical aspects of this research: brain anatomy, histology and mechanics, 
brain phantom development.  
2) A general review of the main developments of probe insertion into soft tissue and 
all aspects of probe-tissue interaction. 
3) An investigation of the biological behaviour resulting from methods of tissue 
penetration. This provides the foundation for the novel method of percutaneous 
intervention described in this work. 
 
 
Figure 2.1: Structure of literature survey 
 
A basic knowledge of probe-tissue interaction is a key aspect of this research work. The 
soft tissue responses to force transmitted, deformation and damage are taken into 
37 
 
account. A review of human brain mechanics and methods of mechanical testing on the 
soft tissues is presented; providing fundamental information in order to develop a brain 
phantom. Then, an overview of the bio-inspired concept is proposed as a state-of-the-art 
technology to achieve a new method of soft tissue intervention. This provides an 
innovative biological development in the context of minimally invasive surgery.  
      
2.1 The biomechanics of the brain 
2.1.1 Medical background: Brain 
The human brain is an important part of the nervous system and performs as the 
integrated-control centre of the body’s functions. The brain is located inside the skull and 
performs processing of input signals and sends feedback to the peripheral system via 
cranial nerves and the spinal cord. The brain is categorized as a very soft structure in 
terms of its mechanical properties and has a very complex function in terms of 
physiology. A brief introduction of brain anatomy and histology is presented here, while 
the biomechanics of the human brain is explored in the detail. 
 
2.1.2 Brain anatomy and histology 
The human brain is a soft tissue structure composed of an outer layer (gray matter) 
containing neurones and an inner layer (white matter) consisting of network fibres. The 
brain is located inside the skull, which varies in thickness between 4-12mm. Its function is 
to protect the brain, which is covered by the three layers of membrane; the dura, 
arachnoid, and pia maters. The brain is divided into left and right cerebral hemispheres. 
The main part of the brain is called the cerebrum, which has a typical convoluted surface 
divided into 4 major lobes. Below this is the cerebellum and brain stem, as illustrated in 
Figure 2.2. Surrounding the brain is the cerebrospinal fluid (CSF), which fills in the 
subarachnoid space as a “damper” and connects through the internal cavities ( i.e., the 
ventricle [15]). The complicated and the high-level functions associated with sensory and 
motion controls are performed on the convoluted brain surface called the cortex, 
containing millions of neurones.  However, some of the cortical area is safe to allow a 
straight instrument penetrating through it to reach deep structures such as the right 
frontal region. The brain tissue is composed of white and grey matter, blood vessels, and 
ventricle filled with cerebrospinal fluid. The adult brain has an approximate weight of 
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1,400 gm or 2% of body mass. Moreover, the brain is a hypervascular structure supplied 
by 15% of cardiac output that can affect the intracranial pressure [16]. All compartments 
of the brain have different cell types and tissue architectures corresponding to specific 
functions, but they are all interconnected as a neural network system through specific 
tracts or pathways. Therefore, the brain components also have a variety of tissue stiffness. 
 
Figure 2.2: (Left) The human brain anatomy in the lateral view of the cerebral cortex, 
cerebellum and brain stem (Image courtesy of www.BrainHealthandPuzzles.com). (Right) 
Brain membranes consisting of dura, arachnoind and pia maters (Image courtesy of 
http://faculty.washington.edu). 
 
In the histological scale, brain tissue is mainly composed of neuronal cells and supporting 
cells, which make up roughly 100 billion neurons. Their size varies from 4 to 100μm [17]. 
The neuron has a typical star-like feature shape, consisting of a main process (axon) and 
multiple arms (dendrites), as shown in Figure 2.3. The dendrites are the receptor portions 
of the neuron receiving input from other neurons via a synaptic mechanism. The axon 
carries electrical signals to other nerve cells in either the brain or the spinal cord in order 
to control the end organs. 
 
Figure 2.3: (Left) The diagram of a neuronal cell composed of the cell body, axon and 
dendrites (Image courtesy of John Wiley & Sons, Inc.) and (Right) conjunction with 
histological feature of neuron (Image courtesy of David B. Fankhauser, University of Cincinnati 
Clermont College). 
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2.1.3 Brain mechanics 
Brain biomechanics has been studied for more than 30 years. Nevertheless the brain 
properties are different according to various testing methods and conditions of brain 
tissue. This has led to different properties of the brain because of its complicated 
structures [15]. An overview of the available literature on brain behaviour is presented by 
Hrapko et al. [18]. This includes a discussion on the research methods and the analysis of 
porcine brain, as well as anisotropic behaviour, region of the tissue, post mortem process 
and temperature. Animal and human brain, including soft tissue phantoms, are reviewed 
here, particularly their mechanical properties resulting from a testing protocol of 
compression and tension [19,20]. Starting with general properties, the brain has been 
characterized as consisting of inhomogeneous, nonlinear anisotropic soft material [21].  
 
2.1.3.1 Animal brain mechanical properties 
Animal brain is typically substituted to the human brain in research, as it is readily 
available, and poses fewer ethical issues. Prange et al. [21] discovered that fresh human 
brain is 29% stiffer than porcine brain, but less stiff than human brain during an autopsy. 
Nevertheless, there are also some other factors influencing the mechanical properties of 
the brain such as the species of animal brain tissue, post mortem conditions, sample 
preparation, differences in testing methods and blood perfusion. For instance, beyond 6 
hours after death, brain tissue begins to deteriorate at room temperature because of the 
autolytic process [22]  and in particular, cells die immediately after lack of blood supply. 
Consequently the stiffness of the brain is changed. In addition, post-mortem alterations 
happen because of the lack of blood perfusion after death. In contrast, Miller et al. [19] 
demonstrated that the vascular perfusion of the living  brain tissue did not alter the 
mechanical properties of swine brain by indentation test. Gefen et al. [23] also found that 
perfusion had no effect on any mechanical brain properties or stiffness of living brain 
tissue. As a result, the biomechanical properties of fresh ex vivo brain tissue can represent 
live in vivo brain tissue.  
     Some research groups found no difference between the elastic properties of the white 
and gray matter, while others proved different. Prange et al. [21] investigated the effect of 
regional, directional, and species of animal on brain mechanical properties. They found 
that the grey matter was stiffer than the white mater by about 30% in fresh swine brain 
tissue. This was due to the anisotropy of the tissue direction affecting the tissue stiffness 
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of the same brain region. Hence, specific directions of brain tissue have distinctive 
stiffness. Moreover, the result from Prange et al. [21]  leads to the conclusion that in vitro 
shear moduli of fresh porcine gray matter are fairly close to those of fresh human brain. 
This result allows us to conduct experiments of probe insertion into pig brain in Chapter 
4, and use the results to draw conclusions which are applicable to human brain as well. In 
terms of a mechanical model, Miller et al. [24] described swine brain as behaving like a 
non-linear viscoelastic material under uniaxial compression testing. Miller noticed that 
studies of brain properties based upon mechanical testing have been conducted in large 
animals (i.e., monkey, pig, and bovine) due to the reliability of sample dimensions. 
However, brain samples from small animals (e.g. rodents and rabbits) are preferred for 
physiological and histological study.  
 
2.1.3.2 Human brain mechanical properties 
The human brain consists not only of a lump of soft neuronal material, but also blood 
vessels and fluid components. There is a variation in brain properties reported by many 
research groups. Many researchers have investigated the mechanics of human brain 
obtained from ex vivo autopsies [25] or in vivo brain during surgery [26]. However, no 
universal brain model has existed because of the brain’s complex mechanics and 
limited/inaccurate methods of testing. In terms of physical characteristics, the brain has 
inhomogeneous properties (because of different underlying microstructures) and 
anisotropic features (because of cell organization and fibre alignment). Temperature and 
post-mortem time also affect the mechanical properties of the brain. McElhaney et al. [27] 
found no variation  of brain properties up to 15 hours post-mortem and proposed the 
model of a human brain as a viscoelastic material [28]. In addition, Franceschini et al. [29] 
considered the behaviour of the brain as poroelastic, nearly incompressible from 
mechanical testing on cadaveric human brain.  
     A few articles studied fresh cadaveric human brain in order to investigate its 
mechanical properties. In particular, Franceschini et al. [25] obtained data of uniaxial cycle 
compression/tension tests on the specimens, taken at various sites within the cadaveric 
brain, as shown in Figure 2.4. The stretching range of each specimen was shown using a 
loading cycle that was applied until a large strain was obtained (nearly reaching the final 
failure of the testing specimen).  
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Figure 2.4: S-shaped performance of uniaxial cycle compression/tension tests of 9 regions 
of the human brain tissue, expressed in terms of nominal stress (KPa) versus stretch [25]. 
 
Figure 2.4 illustrates the relationship between nominal stress (force divided by the initial 
cross-section area of a sample), versus stretch (the current specimen length divided by the 
initial length). The brain tissue behaves nonlinearly and shows hysteresis, with different 
stiffness in the tension and compression phases. 
     Although the human brain has unique properties and different dimensions from pig or 
rat brain, the shear moduli of fresh pig gray matter are approximately close to those of 
fresh human brain [23].  By contrast, Prange et al. [21] claimed that  the fresh adult human 
brain tissue properties are slightly stiffer than adult porcine brain (average 29%), but 
considerably softer than brain measurements taken during a human autopsy (i.e., necrotic 
brain). The brain tissue stiffens with increasing post-mortem time because of various 
reasons e.g., autolytic processes, osmotic swelling, etc. He also suggested that the brain 
tissue should generally be tested within a post-mortem time of 6 hours. The mean 
elevation of shear moduli was found to be approximately 27 Pa/h for the test exceeding 6 
hours of post-mortem time. It appears that sample preparation and especially post-
mortem time are important aspects for determining the results of mechanical 
characterisation studies on brain tissue. 
     The characteristics of human brain behaviour located inside and outside the skull are 
different because of CSF circulation, compartment membrane and vascular perfusion. 
The brain is normally submerged in CSF within the subarachnoid space and there is fluid 
pressure to hold its weight. For instance, a considerable factor is when there is a loss of 
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CSF during open skull surgery when an image-based neurosurgical navigation system is 
used (e.g. VectorVision, BrainLab), since it can induce an average of 10 mm of brain shift 
or displacement along the direction of gravity [30], causing an error between the pre-
operative image and intra-operative scene.       
 
2.1.3.3 Mechanical testing 
The mechanical properties of brain tissue can vary widely. For instance, the elastic 
modulus of the brain has a broad range of values (Table 2.1) depending on brain 
condition, species, testing methods, etc. Even within the same brain, different regions give 
different behaviours.  
 
E 
(KPa) 
  
M 
(KPa) 
References Notes 
5.96 
2.68 
0.489 
0.489 
93 
42 
Basser et al. 1992 
Basser et al. 1992 
gray matter - poroelasticity 
white matter - poroelasticity 
500 
50 
0.49 
0.49 
 
Tada et al. 1994 
Tada et al. 1994 
consolidation theory - gray matter 
consolidation theory - white matter 
10 
10 
0.35 
0.35 
16 
16 
Kaczmarek et al. 1997 
Kaczmarek et al. 1997 
gray matter  
white matter 
73 
32 
0.20 
0.35 
81 
51 
Goldsmith et al. 2001 
Goldsmith et al. 2001 
gray matter 
white matter 
8 
4 
0.47 
0.47 
48 
24 
Takizawa et al. 1994 
Takizawa et al. 1994 
gray matter 
white matter 
7.42   Miller et al. 1997 in vivo porcine 
66.7   Galford et al. 1969 in vivo porcine 
 
Table 2.1: Brain mechanical properties: E- elastic modulus,  - Poisson’s ratio, M -
oedometric elastic modulus, derived from Franceschini et al. [29]. 
 
For example, the nominal stress-stretch relationship of 9 brain regions in Figure 2.4 
shows a degree of variability. Each graph likely exhibits a hysteresis cycle loop because of 
cyclic loading during compression followed by tension test on the specimen. The peak 
compression/tension stretch of each specimen is distinguished because loading cycles 
were applied with increasing strain until nearly reaching final failure of the specimen. 
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Admittedly, the S-shape of the stress-strain relationship is a typical behaviour of 
viscoelastic materials under cyclic loading [29].  Franceschini et al. [25] also concluded that 
incompressible non-linear viscoelastic and poroelastic properties were closely related to 
human brain properties. Moreover, compression and tension tests are a simple process 
and widely used to measure the stiffness of the brain. In this thesis, the study of brain 
mechanics in Chapter 3 is carried out using the same testing protocols as Franceschini’s 
study [25]. 
     
2.1.3.4 Biomechanics of the brain 
Several studies have been conducted to measure the mechanical behaviour of brain tissue. 
However, it is difficult to define precisely the mechanical properties of the brain due to 
the different regions, orientation [23], post mortem process  [22] and testing methods. In 
addition, the mechanical behaviour of brain tissue can vary by orders of magnitude 
depending on the type of model analysis. For example; a viscoelastic model for a 
neurosurgical procedure [15], a poroelastic model for hydrocephalus (a condition of CSF 
compartmental obstruction) [31] and  a non-linear elastic model for brain image 
registration [32]. 
    As mentioned earlier, human brain properties have been described as a viscoelastic and 
incompressible, exhibiting a strong non-linearity and hysteresis behaviour [29]. However, 
this section will, for simplicity, restrict the modelling to that of a viscoelastic material 
where the elastic behaviour is defined as one in which the stress response depends only 
on strain, and the viscous behaviour is defined as one where the stress response depends 
on time (Fung 1993). Mechanical properties of the human brain can vary depending upon 
regions and the direction of cutting samples, because brain tissue comprises 
inhomogeneous and anisotropic soft material [21]. Although Franceschini et al. conducted 
the mechanical testing on 9 different regions of cadaveric brain, only the frontal region 
has been selected for the study in Chapter 3. This is because the frontal lobe is a common 
target area, as it provides an accessible surgical route for neuroendoscopic surgery, DBS 
electrode insertion, as well as for CSF-drainage shunts implantation. In fact, any tissue 
damage caused to this region results in fewer functional deficits, for instance, temporary 
memory loss without major effects of motor control [33]. Hence the results of 
Franceschini’s study on the frontal region are used as a basis for Chapter 3.   
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Figure 2.5: Representative data of a compression/tension test on a brain specimen 
(8x8x14mm) harvested from the frontal lobe of a human brain in the sagittal direction. 
Nominal stress is plotted versus stretch and arrows indicate the loading direction [25]. 
 
The frontal region of human brain is presented here as being representative of the 
mechanical properties of the whole brain. The behaviour of the frontal brain, obtained 
from uniaxial compression and subsequent tension tests, is demonstrated in Figure 2.5.  
The unique S-shaped of the hysteresis loop is observed and described in detail below: 
1) The S-shaped curvature line is particularly observed during the 
compression/tension experiment [24]. This feature resembles the materials of 
chain-like polymer such as rubber, cellulose and gelatine. 
2) The graph represents non-linearity of viscoelastic characteristics 
3) The hysteresis loop shows that the loading phase requires more stress than the 
unloading phase. This behaviour can be explained by the energy dissipation 
between loading and unloading phases [29].   
4) When a sample is loaded in simple compression, starting from its virgin state, 
unloaded and then reloaded again to the same point of maximum compression, it 
requires a lower stress than before. This phenomenon is called the Mullin effect 
[24].  
 
     Franceschini et al. [29] showed that the mechanical model of a human brain is nearly 
incompressible, like rubber.  It can be represented as a poroelastic model when 
considering the fluid filled structures inside the brain tissue. For simplicity, only the 
behaviour of the brain’s parenchyma is considered to be incompressible and viscoelastic. 
This will enable meaningful comparisons between the human brain and artificial soft 
materials. 
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2.1.4 Realistic brain phantoms 
In this research, brain phantom development is key to the study of probe-tissue 
interaction, which in turn is needed for the work on a novel insertion strategy based on 
reciprocal motion, which will be the focus of later chapters. The living brain has 
mechanical properties influenced by many physiological parameters for instance; blood 
pressure, intracranial pressure, and brain temperature [34]. In addition, the post mortem 
brain itself is complicated to characterize and assign properties to, since these vary with 
age, time, region of the brain, direction of cutting and testing techniques [22]. Therefore, 
soft tissue phantoms made from artificial materials offer a controlled environment for 
repeatable experiments, including isotropic appearance, homogeneity, transparency and 
reliable properties. Although not identical to brain tissue, there are a number of 
researchers successfully developing brain phantoms from artificial materials for medical 
applications, as shown in Table 2.2. Details for each material will be discussed in section 
2.3.4. 
Materials 
for brain 
phantom 
Mechanical 
properties 
Mixtures Applications References Notes 
Gelatine Hyperelasticity 
1.3 ml in 
20 ml of 
water 
-Thermoseed 
insertion 
-Needle friction 
force 
-Brain retractor 
-Needle steering 
Molloy et al. 
1990 
Ritter et al. 
1998 
Balakrishnan 
et al. 2003 
Engh et al. 
2006 
-Ease to 
prepare 
-Low cost 
-Time and 
temperature 
dependence 
Agar Viscoelasticity 
0.5% wt. in 
water 
-Microelectrode 
implantation 
Varkey et al. 
2006 
Silicone gel Viscoelasticity 
1:1 of two 
parts 
-Surface tracking 
Delorenzo et 
al. 2007 
-Complex 
preparation 
-High cost 
-Stable 
properties 
PVA-C Viscoelasticity 
10% wt. in 
water 
-Brain shift 
simulation 
Reinertsen et 
al. 2006 
 
Table 2.2: Brain phantom production from four materials for various applications (PVA-
C: Poly vinyl alcohol cryogel). 
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2.2 Surgical probe intervention in the brain 
2.2.1 Percutaneous intervention 
Minimally invasive surgery (MIS) has developed rapidly due to the many clinical benefits. 
The increasing success of MIS over the last decade has been accelerated by technological 
advances in micro-instrumentation, surgical navigation and endoscopy, providing virtual 
vision and imaging modality. Therefore, further research to develop devices and 
techniques which are less invasive, but have high accuracy, should be carried out. 
     In general, MIS is designed to perform the procedures on the tissue via two routes of 
entry; natural orifices such as the digestive tract, urethra, etc and percutaneously [35]. 
Percutaneous (through the skin) routes are very common interventions in which a small 
skin incision is used to access the internal cavity or internal organ. Small instruments are 
inserted through the surgical incision, and through subcutaneous tissues into hollow 
structures such as vessels and the peritoneum. However, instruments are also used to 
penetrate through the skin into intra-parenchymal structures of non-hollow organs such 
as liver, kidney, prostate, breast and brain. 
     MIS approaches, also referred to as keyhole surgery, have particular benefits in the 
field of brain surgery [36]. Keyhole neurosurgery uses a small skin incision and a small 
skull bone opening with a diameter of around 20-25mm. The benefits of keyhole surgery 
are [36]: 
 Minimal brain damage and blood loss 
 A lower risk of postoperative complications, such as infection 
 Quick wound healing with better cosmetic results 
 Early physical recovery with short hospital stay  
 
     In addition, keyhole inserted probes can be passed through the brain tissue to reach 
deep structures and lesions.  
 
2.2.2 Probe insertion 
This section is intended to give an overview of conventional neurosurgical tools, 
particularly needles, catheters and probes used for insertion procedures in brain tissue.  
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2.2.2.1 Conventional neurosurgical needles and probes 
The difference between a needle and a probe lies in the fact that a medical needle is sharp 
and can be used to make small cuts when penetrating important structures, while a 
surgical probe is usually blunt, and is used to separate away nonspecific tissues like fat and 
connective tissue without damaging important structures. Medical needles are commonly 
used to deliver drugs, collect fluid, or sample tissues [11]. Percutaneous procedures 
involve inserting a thin cannula, such as needles, catheters, drainage tubes, electrodes and 
ablation probes, through the skin to reach a target. Such procedures are designed for 
diagnostic and therapeutic purposes that require accuracy of targeting and minimal tissue 
damage. The needles are thus designed to be thin, straight, rigid, have smooth surfaces, 
and are tapered at the tip. Neurosurgery probes have thus far been developed with the 
same principles, as the brain is very soft, complex and floating in the fluid compartment 
with strong protection from the thick skull.        
 
Table 2.3: Summary of the geometry of commonly used neurosurgical tools for brain 
tissue intervention.     
Type of devices 
Outer 
diameter 
(mm) 
Tip 
features 
Surface 
textures 
Materials Features 
Brain biopsy 
needle 
2.11 
Rounded 
closed 
end 
Smooth Stainless steel 
Side cutting 
window 
Ventriculostomy 
needle 
3.0 Bullet Smooth Stainless steel End hole 
Ventriculo-
peritoneal 
drainage shunt 
1.3 Round 
Smooth 
coated 
with 
hydrogel 
Silicone 
Side flow 
holes 
Deep brain 
stimulation 
electrode 
1.27 Round Smooth 
Insulated 
polyurethane 
Four 
platinum/ 
iridium 
electrodes 
Rigid 
neuroendoscope 
3.0-6.0 Round Smooth Stainless steel 
1-4 tip 
channels 
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Table 2.3 summarises the 5 types of commonly used needles and probes for brain 
intervention. These include brain biopsy needles, ventriculostomy needles, ventriculo-
peritoneal shunt tubes, DBS electrodes and neuroendoscopes. All probes are 
manufactured with round-tip geometry, smooth surfaces, and a diameter range from 1.3-
3.0mm. The probes are generally made from medical grade stainless steel. Exceptions are 
the implantable shunt and electrodes, which are produced from biocompatible materials 
(e.g., silicone and platinum/iridium respectively).       
     Another neurosurgical probe is the neuroendoscope [37].  This is a standard 
neurosurgical operating instrument in daily use. It contains fibre optics to aid vision 
through the endoscope and is designed with different types and sizes for particular 
procedures and patients [38]. The conventional neuroendoscope has 2-4 working channels 
such as optical, working irrigation and suction channels. Typical diameters are in the range 
of 3 to 6mm, depending upon the number of channels. Diameters larger than 8mm are at 
a disadvantage compared with the standard microsurgical technique [39], however such 
big diameters can be used to access deep lesions using microscopes and micro-
instruments. 
 
2.2.3 Problems during needle insertion 
2.2.3.1 Target error and tissue deformation 
Soft tissue deformation is an importance clinical issue during probe insertions. For 
example, it may cause displacement from the target during a needle biopsy. An error in 
accurate needle insertion to reach a target can result from soft tissue deformation affected 
by probe-tissue interaction [11]. Real time image modalities such as ultrasound and intra-
operative Magnetic Resonance Imaging (MRI) have been introduced to follow the target 
displacement. Also tissue deformation models have been studied by many researchers in 
order to predict the soft tissue behaviour during probe penetration. Moreover, minimising 
tissue deformation by approaching choice of the insertion method has also been 
considered. This review covers needle insertion in a straight trajectory into soft tissue and 
considers techniques developed to reduce the deformation and consequently provide 
better target accuracy. 
     Tissue displacement is not limited to probe insertion, but can be caused by any soft 
tissue manipulation. For example, Kerdok et al. [40] investigated the deformation of the 
soft tissue phantom “true cube”, produced from silicone rubber with embedded 
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microbeads. The beads were displaced due to the compression load and measured using 
Computer Tomography (CT)-scan imaging in order to compare the results with a finite 
element method (FEM). However, the results from FEM show the cube did not behave 
in a similar fashion to native behaviours of the soft tissue. Abolhassani et al. [11] observed 
that percutaneous insertion causes the soft tissue to deform during a pre-puncture phase 
similar to an indentation test, and soft tissue deformation at the puncture phase. 
Consequently, after post-puncture, the surrounding tissue is displaced with respect to the 
probe advancing through the soft tissue (Figure 2.16). 
     Hing et al. [41]  studied the measurement of needle and tissue deformation using a C-
arm fluoroscope system (a C-shaped structure connecting an X-ray source and image 
intensifier, which can be used intra-operatively to visualise real-time x-ray images of the 
patient). Their method allowed real time 3D extraction of the displacement of implanted 
fiducials (embedded markers) in porcine liver during probe insertion. The study aimed to 
obtain the parameters for accurate modelling of probe interactions with soft tissue. The 
probe and implanted markers in the tissue were tracked during insertion and withdrawal 
of the probe at speeds of 1.016, 12.7, and 25.4mm/s. This study determined important 
parameters such as the approximate cutting force, puncture force, the local effect 
modulus, and relaxation of time. Dimaio et al. [42] conducted a probe insertion 
experiment to measure planar (2D) tissue deformation and probe forces. Transparent 
PVC (a compound composed of polyvinyl chloride and a liquid plasticizer, a phthalate 
ester) was marked with a grid of black dots on the sample surface tracked by a digital 
camera. A 17-gauge epidural needle was inserted into the tissue phantom at several 
velocities from 1 to 9mm/s, as in Figure 2.6. The 2D tissue marker relative displacements 
depend upon the applied needle forces.   
 
Figure 2.6: Tracking of markers painted on the sample surface during straight needle 
insertion into a transparent gel in order to study the planar tissue deformation [42]. 
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In clinical practice, brain deformation studies aim to characterise tissue displacement 
during neurosurgical procedures. A considerable factor in open neurosurgery pertains to 
the loss of cerebrospinal fluid (CSF) while opening the skull, which can induce an average 
of 10mm worth of brain shift or displacement in the direction of gravity [30]. There are 
some tracking methods to demonstrate brain deformation by using real-time ultrasound 
or intra-operative MRI [43]. Surface tracking algorithms were developed by Delorenzo et 
al. [44] with a realistic silicone brain phantom (Sylgard 527,Silicone Dielectric Gel Dow 
Corning, Midland, Michigan). Brain shift was also reproduced by inflating/deflating air 
into a balloon that was embedded inside the brain phantom. The exposed surface of the 
phantom was tracked with radio-opaque plastic beads, used to simulate cortical features. 
Functional images (3D images in time) were obtained with an MRI scan and stereo 
camera system. 
 
2.2.3.2 Needle deflection 
In addition to tissue deformation, deflection of the probe during insertion also needs to 
be considered. In particular, if the probe has an asymmetrical geometry, the imbalance in 
the compression force acting on the needle can bend the trajectory [45]. Alterovitz et al. 
[2] studied the effect of probe tips on trajectory deflection to develop steerable probes. 
Steerability could be an advantage and will be discussed in appendix A.  
 
2.2.3.3 Tissue damage 
Gross features of tissue damage 
The effects of probe insertion into soft tissue cause not only the tissue deformation, but 
also tissue damage. Permanent changes occur to the organ or tissue architecture down to 
the scale of the cell. The probe geometry interacts with the soft materials, described as the 
mechanics of crack formation [46].   
     Three kinds of crack geometry resulting from three probe tips penetrated through a 
porcine liver were investigated as Figure 2.7 by Azar et al. [46]. They concluded that the 
needle tip geometry and diameter are dominant factors affecting the crack sizes and 
features. For sharper bevel tips, the crack is almost the same size as the needle diameter, 
whereas less sharp bevel tips cause larger cracking. Tip sharpness seems to be more 
significant than probe diameter because a larger insertion force is required. 
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Figure 2.7: Microscopic illustration of crack geometry at the entry surface of  porcine liver 
by probe insertion with: (a) triangular tip, (b) 22⁰ bevel tip and (c) 45⁰ bevel tip needles 
[46].  
 
Histological features of brain tissue damage 
Different forms of mechanical factors for example, high impact, cutting, injection, and 
needle/probe insertion, can cause injury to the brain by damaging tissue architecture and 
cellular structures. In addition, the shear stress due to the tissue-probe interaction can 
cause tissue discontinuity resulting in haemorrhage, cytoarchitecture changes, axon 
disruption and cell membrane trauma, subsequently resulting in cell death in acute 
responses. Additionally, there are a few research articles investigating acute brain damage 
in vivo. Manley et al. investigated cellular mechanisms of traumatic brain injury in live 
swine brains by cortical impact. A 15-mm impactor tip was punched into the brain cortex 
with velocity varying from 2 to 4m/s and depth of insertion from 2 to 10mm. The 
pathological features were composed of cortical laceration, and intraparenchymal 
haemorrhage. The loss of cytoarchitecture, edema and pericapillary haemorrhage were 
found in the histological findings. Immunohistological staining revealed evidence of 
degenerating neurons, axonal disruption and impending cell death [47].  Lees et al. [48] 
used cell staining to investigate chemical damage of cells in an in vivo rat brain experiment. 
Trypan blue (a cell viability dye), was injected into the rat brain one day after injection of a 
toxic agent at the same co-ordinates. The dead cells surrounding the needle tract were 
stained with trypan blue, as seen in Figure 2.8. However, the causes of injury are 
specifically unidentified by either toxic injection or mechanical injury during needle 
insertion, while the same effects are considered due to the dye entering cells through 
compromised cell membranes.  Trypan blue is normally used to determine viability of in 
vitro cell cultures, but in this case was used to determine the degree of neuronal death in 
brain tissue. Therefore, trypan blue has also been used for the viability studies of cell 
mechanical injury in section 7.6.2. 
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Figure 2.8: Brain tissue staining by trypan blue around needle tract in order to study the 
effect of chemical agent on cell dead (Bar = 100μm) [48]. 
 
Consideration of brain tissue damage caused by probe insertion can be studied in Deep 
Brain Stimulation (DBS) surgery, a recent procedure used to treat neural dysfunctions, 
such as dystonia, by applying continuous electrical signals to deep brain regions via an 
electrode embedded in the target, which is connected to a pacemaker permanently 
implanted near the suprasternal notch. Acute damage to brain tissue after DBS insertion 
can be caused by an intraparenchymal haemorrhage, which is a well-known complication 
of this procedure. A large series of DBS implantations collected by Binder et al. [49] 
reported that the risk of hematoma per lead implantation was 3.3% per lead, which may 
cause neurological deficit. This study was conducted by postoperative imaging (CT or 
MRI) within 24 hours after the surgery and without any histopathological analysis. Binder 
et al. also recommended avoiding haemorrhage by advancing and withdrawing the 
microelectrodes or other instruments at a rate no greater than 0.5 mm/s, as well as by 
using computer-assisted trajectory planning. Further damage can be caused due to chronic 
reaction to the implantation of the DBS electrode. The study can be determined only 
post-mortem with regard to the timing process. Due to the electrochemical reaction of 
tissue-electrode interface, the chronic DBS can cause cell-type reaction around the lead 
track occupied by typical glia cells, without causing further tissue damage. This tissue 
response may be relevant to the chronic tissue reaction caused by the surface-coat 
component of the electrodes [50]. 
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2.3 Biomechanical models of the brain and of 
probe/brain interaction 
 
2.3.1 Biomechanical model of soft tissue 
The study of mechanical models of biological soft tissue has been an interesting subject of 
research in the last few decades. Developments in computational simulation and 
mathematical modelling, as well as the application in medicine, have promoted new 
biomechanical models of soft organs such as brain, kidney, liver, and prostate. 
Applications include virtual surgical training [51], prediction of soft tissue deformation, 
and haptic devices in robotic surgery [52]. A simple biomechanical model is studied in this 
literature review, which focuses on the range of normal brain conditions (without 
pathological anomalies). Itkis et al. [53] proposed that the brain is mechanically equivalent 
to a viscoelastic material i.e., a combination between an  elastic solid and a viscous fluid 
composed of a spring and dashpot.  
     The viscoelastic materials exhibit both elastic and viscous characteristics when stress is 
applied. In the mechanics of soft materials, viscoelasticity has three phenomena [54]: (i) 
relaxation; the stress decreases with time when the strain is constant, (ii) creep; the strain 
increases with time when the stress is constant and (iii) hysteresis; the stress-strain 
relationship is different between loading and unloading stages during a cyclic loading.  
     The viscoelastic properties of a material can be captured by simple mechanical models, 
as in Figure 2.9. The configuration between a spring (elastic component), which has a 
stiffness constant (K), and a damper (viscous component), with coefficient of viscosity 
(η), are combined as a series connection (Maxwell model), parallel connection (Voigt 
model) or mixed connection (Kelvin model or standard linear solid) [54]. Despite the 
development of increasingly advanced mechanical models, suitable methamatical models 
can be implemented to describe soft tissue behavour for a range of materials, from linear 
elastic to non-linear viscoelastic. However, due to the complex behaviour of biological 
soft tissues, in Chapter 3, only linear elastic and linear viscoelastic models will be used to 
model quasi-realistic brain phantoms which simulate the brain’s mechanical behaviour 
with some fedelity. Indeed, Prange et al. [21] and Franceschini et al. [29] modelled brian 
deformation by using the modified Orgden thoery, which will be used in Chapter 3.  
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2.3.1.1 Linear viscoelastic model 
Linear viscoelastic theory is a reasonable alternative to complex modelling to describe 
small deformations in soft tissue. A combination of mechanical elements can be used to 
explain the linear behavoir of viscoelastic materials, as illustrated in Figure 2.9. 
 
Figure 2.9: The three models of viscoelastic materials refer to the simple mechanical 
element of spring and damper (a) Maxwell model, (b) Voigt model and (c) Kelvin model 
[54].   is the elastic coefficient of the spring, and η is the viscosity coefficient of the 
dashpot. 
 
Mechanical models of a spring-dashpot have been used to study the interaction between 
biological soft tissue and tools by several researchers over the past decade. The linear 
viscoelastic model can be used to understand the basic principle of mechanical behaviour 
of soft tissue as follows. The elastic component is modelled by a spring with the elastic 
modulus  , strain   and stress  : 
 
         (2.1) 
 
     The viscous component is modelled by a dashpot with the viscosity of the material   
and the time derivative of strain      . 
 
     
  
  
                                          (2.2) 
      The Maxwell model (Figure 2.9a) consists of a dashpot connected in series with a 
spring, then: 
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      The Voigt Model (Figure 2.9b) consists of a dashpot connected with a spring in 
parallel, then: 
 
                                              (2.5) 
 
     =        
     
  
                            (2.6) 
 
      The Kelvin Model (Figure 2.9c) or standard linear solid combines a Maxwell model 
with a spring in parallel and has the following constitutive relationship: 
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                     (2.7) 
 
     This model is more accurate in terms of the material response to stress relaxation and 
creep compared to the former models.    
 
2.3.1.2 Non-linear viscoelastic model 
Many soft biological tissues, particularly the brain, behave as a non-linear viscoelastic 
materials during large deformations [54]. However, Miller and Chinzei et al. [19, 55, 56] 
used constitutive equations for explaining the non-linear viscoelastic behaviour of the 
brain. For example, Prevost et al. [57] used a stress-strain relationship with the complex 
Kelvin model to fit the unaxial compression results of a test on ex vivo pig brain. The 
above studies have demonstrated that the non-linear viscoelastic model is a reasonable 
approximation of the mechanical properties of brain tissue. Hence, constitutive models of 
non-linear viscoelasticity have been used to explain its mechanical behaviour. 
 
2.3.1.3 Non-linear elastic model 
Kohandel et al. [52] also used a hyperelastic Ogden model of the strain energy function in 
a polynomial form to capture brain tissue behaviour: 
 
       
  
 
       
 
 
                                         (2.8) 
where   is a shear modulus,   is a material coefficient and    is stretch of  a material [52].     
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     Franceschini et al. [25] used the Ogden equation to explain the experimental results 
obtained from cyclic tension/compression tests on ex vivo human brain. The stress/strain 
behaviours were compared with the Ogden theory of non-linear incompressible elasticity. 
The equation could represent the brain characteristics during loading and unloading 
curves, except for the failure deformation and the Mullin effect. Although  brain tissue is 
defined as a viscoelastic material, the loading and unloading response can fit with an 
elastic model (Ogden), as Kohandel et al. [52] reported for uniaxial compression tests.  
This review did not include uniaxial loading to failure and consolidation theory for 
poroelastic behaviour, as was the case for the Franceschini study.      
 
2.3.2 Understanding probe-tissue interaction 
This section focuses on a review of probe-tissue interaction studies, which is key for 
accurate probe insertion into soft tissue. 
 
Force profile 
When a probe is inserted into soft tissue, there will be three dominant forces involved 
[58]:  
1) The cutting force: the tip force acting on the probe tip in the axial direction while 
cutting and penetrating the tissue; its magnitude is influenced by the features of 
the tip (e.g. sharp or blunt). 
2) Friction force: the resistant force acting on the side wall of the probe shaft in the 
axial direction. The coefficient of friction is affected by the relative velocity of the 
two materials and the clamping force exerted by the tissue on the probe. 
3) Clamping force: the force which perpendicularly compresses the side walls of the 
probe shaft. This clamping force arises due to the increase in contact area between 
the probe shaft and medium when either the probe is inserted deeper into the 
tissue or the probe diameter is enlarged. 
     The total axial force acting on the probe is the sum of the cutting force, the friction 
force and the membrane stiffness [59]. An equation for the force acting on the probe can 
be given by equation 2.9: 
 
                                                                    (2.9) 
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     In percutaneous probe insertion, the probe punctures through the skin, then passes 
through different tissue layers such as connective tissue, fat, muscle and internal organs. 
Each of the layers requires a different amount of force. Maurin et al. [60]  measured the 
force profile of a probe as it was inserted and retracted into an in vivo liver (Figure 2.10). 
Simone et al. [59] studied the insertion force obtained from in vitro bovine liver. The 
results were divided into two phases; “pre-puncture”, when the probe tip indents the liver 
capsule and “post-puncture”, when the probe advances into the liver tissue.  
 
Figure 2.10: Force profile of probe insertion and retraction [60]. 
 
In the pre-puncture phase, the total force acting on the probe is only the stiffness force 
due to the viscoelastic properties of the soft organ and the toughness of its membrane. 
Simon and Okamura [59] described the stiffness force of the soft tissue as a nonlinear 
spring model. The force measured from the needle with respect to the tip position (z) is 
summarised in equation 2.10: 
 
            
                                      
        
                        
                                                  
                                 (2.10) 
 
      According to equation 2.10, the behaviour of soft tissue puncture is shown on the 
rising slope of Figure 2.10: the probe tip touches the surface (  ), the tissue is compressed 
as the tip indents (  ), and the capsule is punctured and tissue recoils (  ). The parameters 
   and    were obtained from measurements on bovine livers by using a second order 
polynomial fit for the experimental data [59]. 
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Figure 2.11: Three phases of probe insertion, (a) pre-puncture, (b) puncture and (c) post-
puncture [59]. The three probe tip positions z1, z2 and z3 correspond to specific aspects of 
probe-tissue behaviour. 
 
After the probe punctures the soft tissue membrane, the probe advances through the soft 
tissue requiring a cutting force and a force to overcome friction.  
 
     The cutting force is based on a model by Simone and Okamura [61], as constants 
depend on the tissue: 
 
          
                            
                             
                                              
 (2.11) 
 
     Where   is time and     is the time of puncture. In addition, the cutting force can be 
estimated by subtracting the total force from the friction force in the post-puncture phase, 
as in equation 2.11. 
The frictional force can be described by a modified Karnopp model (Figure 2.12). 
 
 
Figure 2.12: The modifed Karnopp friction model [61].    
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The probe friction forces are calculated by considering the value of dynamic and static 
friction as in equation 2.12: 
 
          
 
 
 
 
 
    
                                                
                                               
                                               
                                                 
                           (2.12) 
 
   and    are  the negative and positive dynamic friction force values. 
   and    are damping coefficients in negative and positive.  
   and    are negative and positive static friction values. 
  is relative velocity between needle and soft tissue. 
     is the value below which the velocity is zero. 
   is the summation of non-frictional forces.    
 
      Kataoka et al. [45] measured the three different forces from a triangular pyramidal tip 
probe inserted into a beagle prostate. The tip force corresponded with tip feature of the 
probe and tissue stiffness was measured from the tip of the needle while cutting the 
tissue. The friction force was obtained from the axial acting force on the sidewall of the 
needle, which was related to the summation of Coulomb and viscous friction. It increases 
due to the increasing surface contact between needle and soft tissue by deeper insertion 
and larger needle diameter. Finally, the magnitude of the clamping force (Figure 2.13) will 
determine the frictional force. The clamping force is in turn affected by the depth of 
needle insertion into the tissue, needle diameter, the incision shape, and the properties of 
the surrounding tissue. Kataoka et al. concluded that the total needle insertion force is the 
tip force plus the friction force. 
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Figure 2.13: Three different forces acting on the needle while inserting it into the tissue. 
 
Okamura et al. studied the effect of probe diameter and tip geometry on insertion force. 
They found that sharper tips with triangular and bevel profiles rather than the cone or 
round profiles, in addition to smaller diameters, significantly reduced the insertion force. 
However, asymmetrical probe tips (e.g. bevel tips) can cause needle deflection [61]. Wittek 
et al. [62] proposed a probe-tissue interaction model to predict the force acting on a probe 
during insertion into a swine brain. A stainless steel needle with diameter of 1.15mm and 
conical tip (Figure 2.14) was inserted into brain tissue in stages:  
1) Needle indentation 
2) Membrane puncture with tissue spring back  
3) Needle advancing through the tissue  
      
    
Figure 2.14: (Left) Needle insertion test conducted on a swine brain. (Right) Force versus 
time measurement of force acting on the needle: P1 indicates the time when the tip of 
needle compress the brain membrane and tissue (indentation phase), P2 represents the 
puncture phase, when the probe needle penetrates through the membrane and the tissue 
springs back, P3 represents the phase during which the needle advances into the tissue 
[62]. 
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Howard et al. [26] conducted a probe penetration experiment in in-vivo human brain tissue 
during epilepsy surgery on the lobe to be resected. The force was measured for a 3mm 
standard ventricular catheter penetrating 2 to 3.5mm deep into brain tissue, which was 
found to be 2.8±0.3 grams/cm. In order to minimize tissue disruption, a round tip 
geometry was chosen with as small a diameter as possible. 
     Two examples of forces required for probe insertion into brain phantoms are 
reviewed.     Ritter et al. [63] measured the frictional forces acting on a 1.9mm diameter 
stainless steel tube passed through a gelatine brain phantom and in vitro calf brain. The 
static and kinetic frictional forces were investigated to estimate the magnetic force 
required for catheter insertion in a magnetic stereotaxis system. The gelatine phantom was 
created from a mixture of 1.3cc gelatine powder (Knox Gelatin Inc.) with 20cc boiling 
water to replicate the resistance forces of needle penetration into in vivo bovine brain. Das 
et al. [64] fabricated a brain mimicking phantom produced from 0.5%wt. agar gel to be 
tested with a microelectrode (Figure 2.15). To develop a cortical neural interface, a 150μm 
diameter stainless-steel wire was implanted 30mm deep into agar gel. The peak insertion 
force was ≈ 1mN and approximately close to the calculated number obtained from 
Howard et al. [26] for in vivo human brain tissue.   
 
 
Figure 2.15: Force measurement from a cantilever beam load cell mounted on a thin 
microelectrode inserted into an agar-gel based brain model [64]. 
 
Due to the insertion force’s effect on tissue deformation, many researchers have proposed 
different techniques to reduce it. Hochman et al. [65] demonstrated that needle insertion 
coupled with a bidirectional rotation of the needle along the axis can reduce needle force 
penetration with respect to simple linear insertion through tissue phantoms. Abollhassani 
et al. [66] performed bevel tip needle insertion into turkey tissue with skin intact and 
discovered that rotational insertion can reduce the puncture force through the skin and 
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the friction force between the needle shaft and the tissue. Although rotation of probes 
during insertion makes the insertion easier, the spinning of the needle increases damage to 
the local tissue and makes accurate targeting more difficult [11, 67].  
     In this section, needle-tissue interaction forces were discussed on the needle side, by 
the axial force acting on the needle during insertion, which is distributed along the needle 
shaft and tip. Accurate force measurement can benefit from advances in haptic device 
development in the field of medical robotics by force feedback or in the field of a virtual 
simulator for needle insertion training. However, the needle trajectories, deflection and 
bending are not reviewed in this study. On the other hand, the tissue response (i.e., tissue 
deformation and damage), which is the main focus of this thesis, has already been 
discussed in a previous section. 
 
2.3.3 Mechanical model of needle insertion 
Over the past decade, advances in computational modelling have enabled improvement in 
the simulation of surgical intervention. Modelling can provide insight into the interaction 
behaviour between probes and soft tissue. Such soft tissue modelling is complex because 
it expresses inhomogeneous, nonlinear, anisotropic and viscoelastic behaviours. 
Nevertheless, tissue modelling could have significant utility for virtual surgical simulation 
of interventions, and training. Probe insertion models with real time haptic simulation for 
force feedback have particular utility in robotic surgery and virtual training [68]. 
Moreover, the Finite Element (FE) modelling of tissue deformation is currently of interest 
to many researchers, especially for common probe interventions in tissue such as liver 
[59], kidney [60], prostate [69] and brain[62]. However, the wider challenges in this field 
are not considered as this thesis focuses on applications in neurosurgery. Figure 2.16 
describes the main phases in the interaction between probe and tissue during insertion 
and extraction. As described earlier, there are three main phases [70]:  
 
      Phase 1: The tissue is deformed by the tip of the needle, compressing the tissue 
before puncturing. This corresponds to the indentation of viscoelastic materials.  
      Phase 2: The needle punctures the tissue by cutting its surface and penetrates through 
the tissue resulting in a cutting effect, friction force and tissue relaxation.  
      Phase 3: The needle is withdrawn from the tissue which attracts to the shaft of the 
needle due to compression causing friction (Figure 2.16). 
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Figure 2.16: The characteristics of needle insertion into a soft tissue are divided into 3 
phases; puncture, penetration and withdrawal [70]. 
 
To date, there is no probe insertion model which fully characterizes real-world probe 
insertion and extraction behaviours. Present models include mechanical and finite element 
solutions. FE provides more accuracy for modelling soft tissue interaction within the 
small linear elastic deformation, but it can require considerable computational time to 
model multiple complex input parameters. Mass and spring models can function in real 
time but are more limited in accuracy [40]. Gosline et al. [71] proposed a mechanical 
model of probe insertion for dual-channel haptic feedback. Figure 2.17 shows a model of 
a needle moving inside tissue which captures viscoelastoplastic behaviour. The box 
(sliding structure) represents a stick-slip friction model. In the pre-sliding phase or “stuck” 
state, the probe moves at the same velocity as the tissue deformed. The media has the 
viscoelastic behaviour of a Kelvin element composed of a spring K and a damper B1 
(      ). Then, in the sliding phase (or “slip” state), the probe moves into the media and 
displaces two dampers (B1 + B2), as well as the spring K. This represents the summation of 
friction and cutting forces that causes irrecoverable displacement of the compliant 
medium with viscoplastic behaviour.  
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Figure 2.17: Viscoelastoplastic model of needle insertion derived from Gosline et al. [71] 
composed of a spring, sliding friction block and two dampers. 
 
2.3.4 Soft tissue mechanical properties 
Miller et al. [72], one of the main contributors to the research area of brain mechanics, 
described the brain theoretically and experimentally as an incompressible viscoelastic 
material. Thus, with some simplifications, polymer materials such as rubber, cellulose and 
gelatine can be used as synthetic equivalents, as described below:  
 
Gelatine 
     Gelatine is a soft substance extracted from the collagen inside animals’ connective 
tissue. It has been used as a brain phantom in the following examples:  Ritter et al. [63] 
used a commercial gelatine product (Knox Gelatin Inc., Englewood Cliffs, NJ) and mixed  
it into a ratio of 1.3cc of gelatine to 20cc boiling water. This gelatine brain phantom at 
room temperature (20–21°C) was claimed to most accurately duplicate the resistance of in 
vitro canine brain at 38°C, in terms of the force required for the insertion of a thermoseed 
needle into deep brain tissues. Moreover, Ritte et al [63] used the same gelatine mixture to 
measure the friction force on a straight catheter, passed through a gelatine brain phantom. 
Finally, Engh et al. [73] prepared a testing phantom from Knox Gelatine (Kraft Foods 
Global, Inc., Tarrytown, NY) with the same concentration for a needle steering 
experiment. 
 
Agar  
       Agar or agarose gel is a gelatinous substance isolated from algae. It is widely used in 
gel electrophoresis for biochemistry. Agar gel can mimic the mechanical properties of 
brain tissue as well. Varkey et al. [74] determined that 0.5% by weight agar gel in water 
most accurately represents live human brain for microelectrode implantation studies.  
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Silicone gel    
     Silicone gel is a polymerized material used as a synthetic biological tissue for many 
medical applications. Brands et al. [75] used a linear viscoelastic silicone gel (Sylgard 527) 
to calculate the shear moduli obtained from indentation tests  in order to mimic those 
measured for human brain. Delorenzo et al. [44] also produced a silicone based brain 
phantom (Sylgard 527 silicone gel comes in two liquid parts to be mixed together in a 1:1 
ratio) for brain surface tracking experiments. 
 
Poly vinyl alcohol cryogel (PVA-C) 
     Kathleen et al. [76] produced a realistic brain model suitable for imaging studies for 
ultrasound, CT and MRI. It was made from 10% by weight in water of poly vinyl alcohol 
cryogel liquid, which was poured into a mould to create a model brain. The PVA-C was 
solidified by freezing to -20°C and put back in at room temperature. This brain phantom 
was able to simulate a deformable feature by adding fluid filled ventricles and embedded 
fiducial markers. 
      
      These four artificial soft materials have been widely used to produce brain phantoms 
because of their feasibility, reliability and endurance. However, each of these has unique 
mechanical properties and advantages, which mean the choice, will be directed by the 
requirements associated to their intended use. For instance, silicone gel and PVA-C are 
suitable brain phantoms for deformation studies because of their stable properties. 
Conversely, gelatine and agar gel are reasonable to be used as a disposable phantoms for 
probe insertion studies because of their availability and ease of preparation. Although, it 
should be noted that experiments with gelatine phantoms should be performed in a 
controlled environment at a certain time (Table 2.2). The reasons behind the selection of 
suitable materials for the research presented in this thesis will be discussed in detail in the 
next chapter. 
 
2.4 Biomimetic surgical probes 
Nature has achieved some impressive engineering. This has inspired many successful 
applications in the human engineered world. An example of biomimetics engineering for 
medical instrumentation is the design mechanism of a mosquito’s proboscis, which was 
used to inspire the development of more effective and less painful microneedle for skin 
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blood sampling [77, 78, 79]. Additionally, a micro-penetrator [14], which replicates the 
working mechanism of wood wasp ovipositors, inspired a soft tissue probe for minimally 
invasive neurosurgery. Both of these studies will be described in detail in the following 
sections. 
 
2.4.1 Mosquito’s proboscis 
An example of percutaneus intervention is the hypodermic needle injection to introduce 
medical agents or collect fluids from the human body. To reduce invasiveness, 
microneedles have been developed to reduce pain and tissue trauma.  Oka et al. [80] 
proposed a biologically  inspired concept based on the mechanics of a mosquito’s bite to 
produce a microneedle. The device was manufactured using silicon microfabrication.  
  
      
Figure 2.18: Scanning Electron Microscope image of a mosquito’s proboscis and tip [79]. 
 
2.4.1.1 Understanding the mechanism of a mosquito’s proboscis 
The proboscis is a tiny tubular structure which acts as a feeding stylet, which is 1.5-2.0mm 
in length, as shown in Figure 2.18. The end of the proboscis is a sharp tip (fascicle) which 
resembles a hypodermic needle with inner diameter of 20µm. 
     The Mosquito’s proboscis is a model of percutaneous painless insertion. The proboscis 
is a complex structure, which is composed of a straight tube (Labrum) at the centre beside 
two jagged needles (maxillas) and surrounded by an outer sheath (Labium) [77], as in 
Figure 2.19.  Aoyagi et al. [77] studied the mechanism of the proboscis as follows: the 
labium is opened, thus providing surface tension to the skin. Then, the maxillas are 
inserted through the surface, providing an anchoring effect. As soon as the labium is 
closed, the central tube (Labrum) penetrates through the tissue. The proboscis is traversed 
deeply while the sequence is repeated at approximately 30Hz [77]. 
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Figure 2.19: (Left) The Insertion mechanism of the mosquito’s proboscis. The outer 
sheath is opened and two needles are inserted. After insertion, (Right) the central tube is 
inserted through the tissue while the outer sheath is closed [77]. 
 
2.4.1.2  Bio-inspired microneedle 
Aoyagi et al. [77] fabricated biodegradable microneedles from polylactic acid polymer with 
straight and harpoon-like shapes in order to imitate the behaviour of the mosquito’s 
proboscis during penetration of the skin.  The experiment was conducted by inserting a 
microneedle into the artificial skin made from silicone rubber with a speed of 0.2mm/s. 
The resistive force profile was measured by a 2N load cell. Aoyagi et al. reported that the 
sharper tip and thinner shaft require less puncturing force and penetrating force 
respectively. Vibration of the microneedle also resulted in less required puncture force (30 
gf compared with 40 gf for no vibration) during insertion. This may explain the vibrating 
mechanism of a mosquito’s proboscis. In addition, stretching the skin tends to reduce the 
puncture force. Finally, the teeth protrusions along the needle surface push the 
surrounding tissue away (Figure 2.20). Consequently, this gives a small contact area and 
less friction forces between needle and tissue. This produces a high stress concentration 
on the tissue when investigated by FEM modelling. For example, one result showed that 
the serrated microneedle, 1mm long, 40µm in diameter and with a wall thickness of 1.6µm 
was tested and required only a force of 14.7mN to penetrate the skin. 
     Izumi et al. [78] proposed the biomimetic microfabrication of microneedles to mimic 
the mechanism of a mosquito’s proboscis. The needles, which were similar in size and 
shape to the proboscis, were produced by silicon etching techniques. Izumi et al. also 
observed that the friction force is reduced because teeth protrusions decrease the tissue 
contact and vibration prevents adherence between elastic tissue and the needle surface. 
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Figure 2.20: (a) Pictures of fabricated microneedles with smooth surface and (b) 
microteeth needle. 
 
To study probe and tissue interaction, many parameters need to be considered such as: tip 
geometry, core size, teeth surface, probe vibration and tissue tension. However, this study 
did not discuss the needle insertion velocity, extraction behaviours, and steering 
mechanism. 
 
2.4.2 Ovipositing wasps 
 
 
 
Figure 2.21: An ovipositing wasp is laying an egg in host larvae [81].  (a) The arrow shows 
the long and flexible ovipositor concealed inside its body. (b) The arrow shows a 
muscular system acting as an actuator to push the ovipositor. 
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2.4.2.1  Understanding the egg-laying mechanism of an ovipositing 
wasp 
There are two forms of ovipositing wasps:  
      Parasitic - Those that perform egg-laying in host larvae (as in Figure 2.21) 
      Non-parasitic - Those that insert eggs into some substrate, such as wood. 
Both types of wasp carefully choose the location for their eggs before steering the 
ovipositor towards a desired target. 
      The typical structure of the ovipositor is shown in Figure 2.22. A single upper valve 
(Valvus), together with a pair of lower valves, forms a lumen through which eggs can 
pass. The upper valve is interlocked with both the lower valves by means of a “T-section” 
longitudinal ridge (Rachis), which runs within a corresponding groove (Aulax) on the 
lower valve, thus forming a dovetail interlocking mechanism. The ovipositor can be very 
long and thin (0.1–0.2mm in diameter and up to 50mm long), is highly flexible (0.5mm 
minimum bending radius) and, despite being devoid of intrinsic musculature, can 
penetrate tissues as rigid as wood, while avoiding buckling. Two main factors underlying 
this behaviour have been proposed: the “toothed” surface of the ovipositor tip and the 
insertion mechanism, based on reciprocal motion.  
 
Figure 2.22: Diagrammatic representation of the oblique view of a transversely cut 
ovipositor with lower valves protruding. It consists of three segments with dovetail-
shaped interlocking mechanism [81]. 
 
Figure 2.23 illustrates how different surface topographies evolved for the penetration of 
different tissues: Sirex noctilio bores into wood to lay eggs, where some teeth are used to 
provide purchase during the insertion, while others are used to cut the tissue. These 
anisotropic surfaces are coupled with the unique reciprocal motion of the ovipositor to 
achieve tissue penetration with minimum axial push, thus avoiding buckling. The pull on 
one of the valves provides stabilization along the length of the ovipositor so that the other 
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valve can be pushed with an equal and opposite force, to produce a net force near zero. 
The reciprocating motion of the two valves drives the ovipositor’s forward motion, as one 
valve is pushed deeper into the tissue stabilized by the tension generated in the other 
valve. Since there is virtually no net force in the ovipositor assembly, there are no stability 
problems and there is no theoretical limit on its length [81, 82]. 
 
 
Figure 2.23: Tip of the ovipositor of Sirex noctilio. Teeth 1 to 4 (P) at the distal end are 
backward teeth, while teeth  6, 7 and higher (D) at proximal end are forward teeth [82]. 
 
The ovipositors have no intrinsic musculature and all their movements have to result 
from the actions of muscles inside the abdomen, but in many species the tip can be 
guided independently, allowing it to play a more active part in host localization. Some 
wasps can even locate particular structures within the prey, while others need to lay eggs 
in a number of adjacent locations. Orussus abietinus penetrates a host larva more softly 
but firmly, without endangering the host itself.  The ability to bend the ovipositor is thus a 
considerable advantage which enables the wasp to penetrate the substrate at a different 
location without the need to withdraw the tip completely. The bending mechanism can 
rely upon the tissue–probe interaction and the interaction between the different parts of 
the probe [83, 84]. 
 
2.4.2.2  Biologically inspired micro-penetrator 
Gao et al. [85] designed a biomemetic drill inspired by the reciprocating mechanism of 
wood boring wasps (ovipositors). It can be used in low gravity environments without 
using external force to allow drilling through the surface for space missions. This 
ovipositor drill is composed of two symmetrical valves that can reciprocally move against 
each other by a crank mechanism (Figure 2.24) rather than rotatory motion. Despite of 
the mechanics of ovipositor, as mentioned before, each valve has backward-pointing teeth 
 
 
Chapter 2                                                                               Literature Review 
71 
 
to resist the surrounding substrate and allow the other valve to advance further. By sliding 
motion, each valve generates the opposite force without an overall external forward push 
required.  Moreover, the teeth also help to remove the drilling debris out from the hole. 
 
 
Figure 2.24: Picture of micro-penetrator concept: pin and crank mechanism [85]. 
 
The biological inspiration of ovipositing wasps has been the driving force behind the 
research and development of a novel probe insertion method based on the reciprocal 
insertion of a multi-part probe, which is the focus of this thesis and will be described in 
subsequent chapters. 
 
2.5 Conclusions 
The study of brain mechanics has been developed continuously over the years, in 
response to new testing methods and advancements in computational modelling. 
However, the properties of brain tissue are influenced by the tissue conditions, external 
environment, experimental methods and many other parameters. Hence, tissue phantoms 
are widely used in research, as opposed to live or ex vivo brain tissue because they can 
provide a means to carry out repeatable experiments.  This knowledge of brain mechanics 
will be used for the development of a suitable brain phantom in Chapter 3. 
      The research to date of needle/probe insertion in soft tissue was also surveyed, with a 
focus on probe-tissue interaction. Many research articles involving probe insertion were 
explored, including probe insertion force, tissue deformation and tissue damage. In spite 
of the many valuable results, these studies do not provide a clear and reliable foundation 
for the characterisation of brain tissue and the development of accurate tissue phantoms. 
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Thus, the study of probe insertion remains challenging; related fields to needle 
intervention can help to improve the development of needle procedures for therapeutics 
and diagnosis. The image modalities, interventional technique, training skills, as well as the 
improvement of probe design, have contributed to better trajectory planning and better 
accuracy during probe insertion. Reviewed studies revealed the techniques of a 
conventional needle/probe insertion into soft tissue to achieve accurate targeting by a 
minimally invasive procedure without the introduction of any new approaches to the 
probe design itself. Thus, a new method for needle insertion is proposed in this thesis and 
the required a materials and methods developed to prove the concept will be discussed in 
the following chapters. 
     Finally, a few biologically inspired probe designs were described, particularly the 
mechanisms of two insects i.e., mosquitoes and wood boring wasps. Nature shows 
advantages which can be adopted by engineers to develop advanced surgical instruments. 
Within this context, taking inspiration from Nature, this research proposes a novel 
method of needle insertion which is believed to provide an effective solution to the 
shortcomings of current instrumentation. The percutaneous insertion method will enable 
the development of minimally invasive tools which can be accurately placed anywhere 
within the brain by exploiting the unique action of the ovipositor of wood-boring wasps 
and the insertion process could be less damaging on surrounding tissues thanks to the 
reciprocating insertion process also showcased in a mosquito’s proboscis., The methods 
described in the following chapters have the potential to benefit both patients and 
healthcare providers through better targeting, reduced tissue damage, reduced morbidity, 
and the potential for developing novel diagnostic tissue sampling and localized therapy 
procedures to achieve the less invasive system.  
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Chapter 3 Development of a Brain 
Phantom for Needle Insertion 
 
3.1 Introduction 
The development of a brain phantom represents an important stage for the testing of 
surgical instruments and requires a deep understanding of the properties of the tissue to 
which this instrument will be applied. The phantom development described in this 
chapter mainly focuses on the properties of brain tissue which were already studied by 
many researchers, as mentioned in Chapter 2. Further discussion on the choice of the 
materials for developing the brain phantom will be based on the reviewed literature. There 
are a number of researchers studying artificial soft tissue to develop tissue phantoms of 
soft organs. Brain, liver, kidney and prostate, for instance, have attracted significant 
interest because of the clinical significance of interventions associated with these organs. 
In particular, brain tissue properties have been investigated by a number of researchers in 
order to understand its mechanical behaviour and to develop phantoms for testing and 
training; for instance, Das et al. [64] used brain-like agar for microelectrode insertion tests; 
Delorenzo et al. [44] used silicone gel to test their tracking algorithm on the brain surface 
and Reinertsen et al. [86] produced a brain phantom from polyvinyl alcohol cryogel to 
study brain-shift in simulation. 
     Therefore, these kinds of the soft materials will be used to develop a soft tissue 
phantom material with the viscoelastic properties of brain. In this chapter, brain phantom 
development is described, starting with a description of human and animal brain 
biomechanics, artificial soft tissue selection and testing.  Then, gelatine and agar gel, soft 
materials which are considered to match those of brain tissue [64, 74] are subjected to 
basic mechanical testing in order to define the right concentration which has similar 
mechanical characteristics to the human brain, especially for needle insertion tests. The 
phantom will be used to test the new insertion method, which will be the focus of 
subsequent chapters.       
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Figure 3.1: Structure of Chapter 3 
 
3.2 Concept of brain phantom 
A brain-like model is a preliminary step that can be useful for many applications in 
neurosurgical fields. For example, tissue damage examination, brain model deformation, 
navigation testing, imaging, etc. Currently, there are several training brain models in the 
markets. Some are made from plastic, PVC, rubber or resin in order to demonstrate 
anatomical features, such as lobes, areas, structures, and vessels. However, these do not 
simulate brain functions or biomechanical properties. Many research groups have 
produced brain phantoms or artificial brain tissue in order to test instruments or surgical 
methods. This is because, among other advantages, the use of a brain phantom also 
bypasses ethical concerns with animal research.  
     The purpose of the work described in the following sections is to create a structure 
with biomechanical properties as close as possible to the human brain. In fact, there is no 
soft tissue phantom available that completely replicates the complex structures of human 
brain. Nevertheless, most brain phantoms currently in use are relatively easy to fabricate 
and their properties are usually reproducible.  
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3.2.1 Artificial soft tissue selection 
As summarised in Chapter 2, there are a number of artificial soft tissues that can be used 
to imitate the mechanical properties of brain. In order to decide which material to use, 
basic knowledge as well as the properties of test materials need to be taken into account. 
Even though present phantom materials are not able to completely represent the 
biological soft tissue, a few key parameters can be matched. Given the ease of 
manufacture, cost and disposable nature of gelatine and agar gel, only these two materials 
are considered here. 
     Both agar and gelatine are homogeneous, which means they possess uniform 
distribution of the material constituents, isotropic, which defines their mechanical 
properties as being uniform in all directions, and transparent, which means specimens will 
be easy to measure and characterise (this is also a useful optical property for visual 
observation during needle and probe insertion). These properties are summarised in Table 
3.1. In addition, these synthetic materials, mechanical characteristics can be modified to 
match those of human brain, while having long-term stability. 
     A review of the specific characteristics which explain why both agar and gelatine are 
used for phantom development here is summarised in the following sections. 
 
3.2.1.1 Agar 
Agar is a soft biological tissue extracted from red algae and composed of cross-linked 
fibres forming an inhomogeneous polymer gel [87]. It behaves as a biphasic substance of 
viscous and elastic properties. Moreover, agar also acts as a porous solid filled with water 
[88]. It is commonly used in microbiology as a culture medium for growing micro-
organisms. It has also been used as a phantom material for magnetic resonance and 
ultrasound elastography [89]. In this chapter, the mechanical properties of agar gel in 
terms of Young’s modulus, as well as the opacity of the material, were investigated as a 
function of gel concentration.  Finally, the right concentration of agar to replicate the 
stiffness of human brain (gray matter of the frontal lobe) is identified. 
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Table 3.1: Comparison of the mechanical properties between the brain and two artificial 
soft tissues; Agar and Gelatine as illustrated in a figure on top of the table (Modified from 
the results of Bob Dawe, University of Illinois at Chicago). 
 
3.2.1.2 Gelatine 
Gelatine is a product of animal collagen. It is a compound structure, comprised of 
polypeptide chains. It is commercially available in different forms, for instance powder, 
sheet, and jelly. It is mainly used in the food industry. The properties of gelatine are both 
temperature and concentration-dependent. Ottone  et al. proposed a model of gelatine gel 
Properties Brain Agar Gel Gelatine 
Material Type 
Viscoelastic + 
Poroelastic 
Viscoelastic + 
Poroelastic 
Hyperelastic 
Homogeneity Inhomogeneous Homogeneous Homogeneous 
Isotropy Anisotropic Isotropic Isotropic 
Optical 
Properties 
Opaque Transparent-opaque Transparent 
General 
Properties 
Vary among brains Highly reproducible Highly reproducible 
Availability Limited supply Unlimited supply Unlimited supply 
Property effects 
Vascular perfusion 
CSF 
Temperature 
Concentration 
Temperature 
Concentration 
Deteriorating 
process 
Rotten process Water evaporation Water evaporation 
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as a non-linear elastic material which was assumed to be an elastic solid composed of 
cross-link fibres [90]. One example of gelatine brain phantom is a biomechanical model 
for the interaction study between the brain and a retractor for use in image guided 
neurosurgery [91]. 
 
3.2.2 Soft tissue mechanical tests 
These mechanical tests described in the following sections attempt to quantify the 
behaviour of soft materials under different loading conditions. Hence, compressive testing 
has been conducted, with a particular focus on the magnitude of the compressive strain. 
This study is limited to compression and tension. Therefore shear tests have not been 
applied. The results have been compared with the human brain properties achieved from 
the same experimental protocol as described by Franceschini et al. [25]. Tissue mechanical 
models based on compression and tension are suitable for the description of brain tissue 
behaviour during the needle insertion tests described in Chapter 4.  
 
3.2.2.1 Sample preparation 
Agar powder (MERCK Microbiology, Germany) was mixed with water to create a series 
of samples. These varied with steps of 0.2% (weight/volume) concentration, mixed with 
5cc water in a 10cc glass tube, heated in microwave (high power of 800W) within 10 
seconds. Assumedly, there was a negligible loss of water during heating through 
evaporation.  The agar solution was then poured into silicone moulds (Moldsil-hard base, 
Nottcut Inc.) with dimensions of 8x8x14mm, similar to the frontal brain in Franceschini’s 
study. Samples were kept at 4⁰C overnight to solidify. The agar concentrations were 1.0, 
1.2, 1.4, 1.6 and 1.8 %wt. Samples with an agar concentration below 1.0%wt. did not 
solidify sufficiently. The 2.0%wt. specimens were excluded from the study because of 
large air bubbles during solidification, which caused fracture when the samples were 
removed from the moulds.  
     A gelatine sample series was produced as a reference. Gelatine powder (Beef gelatine 
Super cook, Hero Holding Ltd.) was dissolved in water to yield gelatine concentrations of 
6.0, 7.0, 8.0 and 9.0%wt. Concentrations below 6.0%wt. could not be tested due to 
incomplete solidification and concentrations above 9.0%wt. were not suitable because of 
the resulting stiffness of the samples. 
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3.2.2.2 Compression/tension experiment 
Testing was performed at room temperature (25ºC) and humidity (23.9%). In order to 
characterize the mechanical properties of gelatine and agar, a uniaxial 
tension/compression machine (Instron 5866) with a 10N load cell (0.25% of the indicated 
load accuracy) was used to conduct mechanical compression tests. To minimize 
dehydration, all samples were kept in a closed 4⁰C container and tested within 15 minutes 
after removal. Each sample was placed and glued (Cyanoacrylate adhesive glue) between 
the base and moving plate connected with the load cell to hold the sample in place during 
tension and to avoid slip boundary condition (Figure 3.2). Compression by 3.5mm was 
followed by tension by 2.8mm at a rate of 5mm/min, as shown in Figure 3.3, and in 
accordance with Franceschini’s study [25]. However, the deformed shapes in Figure 3.3 
would lead to inhomogeneous deformations and hence incorrect stress-strain data. Each 
sample was subjected to two cycles of compression and tension at room temperature. The 
load cell measured the reaction force (F) from compression and the extension of the 
sample height (L) corresponding to time (T). The data was processed using the Blue Hill 2 
software (Instron Inc.) to record displacement, reaction force and nominal strain-stress. 
Consequently, stretch and true stress were calculated using the following equation: 
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     Where the Young’s Modulus is: 
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   : original length of the sample, 
    : length of the sample after loading, 
   : stretch (sample length after loading divided by the initial length), 
   : nominal or engineering strain,  
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   : nominal or engineering stress (load divided by the initial cross-section area of the 
sample).      
  
 
Figure 3.2: Experimental setup: the rectangular-shaped specimen is placed between the 
two platens glued by an adhesive substrate. The top plate connected with a load cell is 
able to provide compression and tension to the sample. 
 
 
Figure 3.3: Layout with coordinate axes for compression/tension tests on a rectangular 
sample (8x8x14mm). 
 
3.3 Validation of brain phantom properties 
Miller and Chinzei [55] proposed the biomechanical properties of the brain tissue as 
viscoelastic. However, no one model is able to imitate all parameters of normal brain 
tissue because of the various kinds of testing methods and time-dependent properties.  As 
a result, the testing protocol must be the same in all experiments and the speed of 
compression/extension must be tightly controlled. The experimental results described 
next will be compared directly with the results obtained from Franceschini, in particular 
the relationship between stress and stretch. 
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3.3.1 Experimental validation 
The frontal area of the brain is a common entry site for the insertion of instruments for 
applications such as brain biopsy and DBS implantation. The testing of insertion of bio-
inspired probes, discussed in Chapter 4 and 6, are thus be performed on phantoms which 
mimic this human brain section.  Consequently, the brain phantom materials described 
here need to have the same stiffness as the frontal area of the human brain. The frontal 
brain data of compression/tension test is demonstrated as a graph of stretch/stress in 
Figure 2.5. The sample tests were performed to indentify the right concentration of agar 
and gelatine to replicate the frontal brain in terms of stress/strain relationship. In this 
study, fracture and preconditioning were not included.  The results from the agar and 
gelatine samples are analysed in the following section. 
 
3.3.1.1 Agar 
Data from the uniaxial compression and subsequent tension of 1.0%wt. agar gel exhibits 
the nominal stress versus stretch graph in Figure 3.4 The upper platen (moving plate) is 
pushed against the sample (cross-section area of 64mm2) in the compressive direction 
with a constant speed. The stress increases gradually by -2 KPa (negative stress is 
compressive). Hence, the sample relaxes while the platen returns to its original length, 
confirming that the deformation was elastic. The stress during the compressive phase is 
larger than during the relaxing phase at the same point of stretch, but with a different load 
direction. Similarly, the extension phase requires more energy than the relaxing phase and 
the second cycle of compression requires less energy than the first, which takes the name 
of Mullin effect [92].  
 
 
Figure 3.4: The nominal stress is demonstrated versus stretch. Dispersion of data of 
compression/tension tests on the three concentrations of rectangular agar gels. The 1.2 
and 1.4%wt. agar samples fractured on the first cycle during compression. 
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During compression, the higher concentrations (>1%wt.) of agar tended to fracture, as 
shown in Figure 3.4. However, the initial part of the compression curves before fracture 
was then compared with that for the frontal brain. Figure 3.5 shows the graphs of 
stretch/nominal stress obtained from 5 agar samples against that for the frontal brain 
obtained from Franceschini. The stress-stretch curve of 1.0%wt. agar shows a close 
relationship with brain tissue especially within a range of stretch 0.80-0.95, as shown in 
Figure 3.6. Although the sample dimensions are similar, as was the testing protocol, there 
is a great deviation between the two samples at a stretch lower than 0.80.  
 
Figure 3.5: The relationship between stretch and nominal stress for various 
concentrations of agar and for a frontal brain sample obtained from Franceschini. 
 
 
Figure 3.6: The relationship between stretch and nominal stress of 1.0%wt. agar sample 
and frontal brain sample obtained from Franceschini. 
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These following characteristics were obtained for the uniaxial behaviour of these samples 
during the compression/tension tests:   
 Non linear stress-strain relationship, highlighted by the “s” shape of the graph  
 Hysteresis loop in cyclic loading and unloading  
 Different  stiffness during 1st and 2nd maximum stress (Mullins effect) 
     The stiffness of the elastic material, i.e., the Young’s modulus, is obtained from a linear 
stress-strain curve. However, the non-linear stretch-stress curve obtained from the 
experiment within the viscoelastic region cannot be calculated as a linear relationship. 
However, the tangent modulus of elasticity, where approximate linearity is assumed for 
any point of the curve [93], can be used to approximate the stiffness of the material. 
 
3.3.1.2 Gelatine 
The relationship between nominal stress versus stretch for all the samples is plotted in 
Figure 3.7(left), where 3 different concentrations of gelatine are compared. The 
relationship between nominal stress and gelatine concentration is illustrated in Figure 
3.7(right). 
 
Figure 3.7: (Left) Stress versus stretch of 6.0, 7.0 and 9.0%wt. gelatine samples and 
(Right) variation of the largest compressive nominal stress with gelatine concentration. 
  
The experimental data in Figure 3.7(left) shows that gelatine samples exhibit only small 
hysteresis compared with agar samples. In addition, at low concentrations (6.0%wt.), 
gelatine displays nearly linear elasticity. At higher concentration, however, it appears 
curvilinear. This can be explained by the linear elastic mechanical properties of gelatine 
[94]. There is a linear relationship between gelatine concentration and nominal stress, as 
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shown in Figure 3.7(right). The trend line can be empirically described with the following 
equation: 
 
                                                      (3.7) 
 
Figure 3.8: The relationship between stretch and nominal stress for gelatine samples and 
frontal brain sample obtained from Franceschini. 
 
The results of stress versus stretch for gelatine tests and frontal brain from Franceschini 
are plotted on the same graph (Figure 3.9). From qualitative observation, it can be seen 
that the 6.0%wt. gelatine is partially matched with the frontal brain (0.30 gram of gelatine 
powder in 5mm water), as show in Figure 3.9 The gelatine gel is thus able to represent the 
compressive properties of human brain in the range of 20% compression.  
 
 
Figure 3.9: The relationship between stretch and nominal stress of 6%wt. gelatine and 
frontal brain sample obtained from Franceschini. 
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These results do not show that any soft tissue material can completely mechanically mimic 
brain tissue. However, they do provide evidence that agar and/or gelatine can be similar 
within the range of mechanical properties which will be required for probe/tissue 
interaction studies, where the frontal lobe is considered, the compressive and tensional 
forces exerted on the tissue are kept small and plastic deformation/tear are not 
considered.  
     In conclusion, the most suitable material for brain phantom development was found 
to be agar. According to the results, the concentration of agar that shows a close 
relationship to the frontal brain is 1.0%wt.  
 
3.3.2 Numerical validation      
Three simple models exist to describe the mechanical properties of soft materials: the 
non-viscous fluid, the Newtonian viscous fluid and the Hookean elastic solid [54]. The 
mathematical modelling of brain tissue properties relies on constitutive relations based on 
experimental results. For instance, Prange et al. proposed the Ogden model of hyper-
elasticity to model the brain [21], which is regarded to be a valid approach for studies in 
compression and tension. Thus, to verify the results of our experiments, the same 
approach as Francesshini’s was used in order to find the right concentration of agar and 
gelatine. 
      The Ogden model of non-linear elasticity for rubber-like materials can be described 
with the following equation: 
 
  
  
 
       
 
 
                                      (3.8)      
         
where   is the true stress, 
  is stretch,  
  is the initial shear modulus, and 
  is the Ogden constant.  
The material’s Young’s modulus is given by E =   . 
This equation allows determining values of stress from known strains.  
 
     Franceschini et al. [25]  gave mean values of   and   for brain tissue as 1.044 KPa 
(range 0.032 - 2.056) and 4.309 (range 0.882 - 7.736) respectively. Within this study, the 
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nominal stress σ is related to the longitudinal stretch ( ) while values of  ,   and the 
Young’s modulus (E) for each of the pure gelatine and agar solutions are calculated from 
the experiments. These are summarised in Table 3.2.  
 
Sample     E 
6.0%wt. Gelatine 0.67 1.93 2.02 
7.0%wt. Gelatine 1.30 7.74 3.90 
9.0%wt. Gelatine 2.11 7.13 6.34 
1.0%wt. Agar 0.74 2.03 2.23 
 
Table 3.2: Material parameters from Ogden model. 
 
3.3.3 Discussion 
The experimental data shows that, for each gel concentration, the magnitude of the 
tangent modulus of elasticity increases proportionally with the concentration. Studies by 
Gu et al. [95], Nitta et al. [87] and Luo et al. [96] also show an increase in the modulus of 
agar gel with concentration.  
     1.0%wt. agar was found to be as stiff as human brain tissue by compression tests. 
Nevertheless, this result is different to the 0.5%wt. agar solution reported by Das et al. 
[64]. Das produced a 0.5%wt. agar phantom for microelectrode insertion studies. 
However, these results could not be reproduced since the 0.5%wt. agar gel did not solidify 
at room temperature, which could be explained by the different sources of agar powder. 
This study used agar powder for microbiology (Agar-agar technical, MERCK Germany) 
instead of agar powder (Catalog #S70213, Fisher Scientific) as used by Das [64]. Nitta et 
al. [87] found that agar is not homogeneously structured and forms a network of filaments 
depending on polymer chain length and cross-link density. Hence, parameters such as 
different sources of agar powder and different concentrations are very likely to influence 
the mechanical properties of the polymer gel. 1%wt. agar gel, produced using powder 
from the MERCK Company, was used to conduct the experiments of needle insertion 
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and reciprocating motion of a bio-inspired probe because it was found to nearly duplicate 
the stiffness of cadaveric human brain by compression tests validated in this study.  
     These results also show that gelatine behaves with classic hyperelasticity, as shown by 
the study of Ottone et al. [90]. Gelatine is also an elastic material, but the hysteresis loop is 
larger for agar (Figure 3.6 vs. Figure 3.9). Gelatine was shown to have the same stiffness 
as frontal brain within the range of stretch (λ) = 0.8-1.1.  Molly et al. [97] reported 1.3cc 
of gelatine powder (Knox gelatine Inc., Englewood Cliffs, NJ) in 20cc of water can nearly 
represent the resistance of canine brain at room temperature for needle insertion. The 
commercial gelatine used in this test (Beef gelatine Super cook, Hero Holding Ltd.) was 
converted from units of volume (i.e., 1.3cc) to 1.2 gram by weight. Thus, a mixture of 1.2 
grams of gelatine powder and 20cc of water confers 6%wt. of gelatine concentration. The 
6%wt. gelatine sample has been verified to possess the stiffness which is closest to the 
frontal human brain in the interesting range of 20% compression, where small 
deformations occur. 6%wt. Gelatine was also used in the probe-tissue interaction studies 
described in the following chapters. 
 
3.4 Verification of brain phantom for needle 
insertion 
The insertion bio-inspired probes into gelatine and agar phantoms will be covered in 
detail in Chapter 4. However, a preliminary set of experiments was first carried out to 
investigate the stress-strain relationship of the chosen agar and gelatine solutions to 
validate their suitability as brain tissue surrogates. These experiments are briefly described 
in the following sections.  
 
3.4.1 Testing protocol 
The insertion of a standard brain biopsy needle was tested in two kinds of brain phantom 
and a pig brain ex vivo. Two concentrations of 0.5%wt. (the solutions reported in the 
literature as being closest to frontal brain) and 1.0%wt. (which was found to be the closest 
in our experiments) agar gels were prepared by mixing a ratio of 0.5 gram and 1 gram of 
agar granule (MERCK Microbiology, Germany) to 100cc of boiling water respectively. 
Additionally, a 6.0%wt. of gelatine was produced by adding 6 gram of gelatine granule 
(Beef gelatine Super cook, Hero Holding Ltd.) into 100cc of boiling water. The phantoms 
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were allowed to solidify within a square plastic container (50x50x40mm) in 4⁰C 
refrigerator for 12 hours and left at room temperature for 4 hours. An adult pig head was 
obtained from the slaughterhouse after 24 hours from death. The brain was removed 
immediately from the skull and outer (dura) membrane and placed in the same size 
container.  A series of two cycles of needle insertion and extraction were conducted with a 
standard biopsy needle (1.80mm in diameter). An Instron machine (Instron 5866) with a 
10N load cell (0.25% of the indicated load accuracy) was again used to move the needle at 
a constant speed of 1mm/s without holding interval. The biopsy needle was inserted 
through the phantoms and the pig brain until a depth of 30mm. Each of the phantoms 
and the pig brain were punctured by the same needle using the same protocol, but at in 
difference areas of the surface. The testing protocol was performed 10 times on 1.0%wt. 
agar and 6.0%wt. gelatine and 3 times on 0.5%wt. agar and dead pig brain.  
 
3.4.2 Results and discussion 
The aim of this study was to duplicate the pig brain behaviour in terms of measurements 
of the force acting on the needle during needle insertion and extraction. Figure 3.10  
shows a comparison of the force profile obtained during needle insertion-extraction with 
the same testing protocol and the same needle geometry on three brain phantoms. It 
should be noted that the 0.5%wt. agar gel was again found to be inappropriate for this 
application because of the very low force profile obtained during needle insertion caused 
by the poor solidification of the phantom. However, the 1.0%wt. agar gel and 6.0%wt. 
gelatine were found to be approximately similar to the pig brain in terms of peak insertion 
force.  
     Figure 3.10 shows that roughly the same force (5 gram force) is required to push the 
biopsy needle to reach a maximal insertion depth at 30mm in the soft tissue phantoms, 
i.e., 1.0% wt. agar and 6.0%wt. gelatine, and the dead pig brain. During the 1st cycle of 
needle insertion, it is also important to notice that there is the puncture force experienced 
by the needle while piercing through the brain membrane (pia mater). The pia membrane is 
stiff, requiring 33 gram force to cut through. However, the puncture forces obtained from 
agar and gelatine phantoms are not the needle piercing through any membrane, but 
through the surface of each sample. 
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Figure 3.10: Illustration of biopsy needle insertion into brain phantoms (0.5, 1.0%wt. agar 
and 6.0%wt. Gelatine and the dead pig brain. 
 
Consequently, the puncture force of 6.0%wt. gelatine is smaller than that obtained from 
1.0%wt. agar due to gelatine behaving as a hyper-elastic material [90] response 
instantaneously against the applied stress during pre-puncture, whereas agar has viscous 
properties [87] that show a time-dependent response to a strain rate, as discussed in 
Chapter 2. This behaviour is similar to the experimental data from the compression tests 
in section 3.3.1 that 1.0%wt. agar is stiffer than 6.0%wt. gelatine as seen in Figure 3.11 
 
Figure 3.11: Graphical comparison between 6.0%wt. gelatine and 1.0%wt. agar during 
compression test. 
 
After puncture, the force increased in a linear fashion with the needle advancing in 
gelatine. Whereas, an irregularity of the force profile was observed in pig brain due to its 
inhomogeneous properties. In general, brain tissue is complex because of its 
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inhomogeneous, anisotropic and non-linear viscoelastic behaviour. On the other hand, 
pure agar and gelatine are relatively uniform along the insertion axis. 
 
Figure 3.12: Diagram of three kinds of force profile obtained from needle insertion into 
three different samples (pig brain, 1.0%wt. agar and 6.0%wt. gelatine). 
 
Three kinds of forces acting on the needle are selected for comparison, as shown in 
Figure 3.11.   It appears that there is a large puncture force and error deviation from the 
results of pig brain due to the needle penetrating through the fresh pia membrane at 
different areas of the parietal lobe. As discussed before, the peak insertion forces were 
chosen to validate the brain phantom which provides the closest match to needle 
insertion into pig brain. However, the peak insertion force in pig brain varies compared to 
those obtained from agar and gelatine due to its inhomogeneous and anisotropic 
properties. The excellent repeatability of the synthetic phantoms, however, coupled with 
the close insertion and extraction peak forces recorded in these experiments, confirm that 
brain phantoms developed with 6%wt. gelatine or 1%wt. agar will be suitable to test new 
methods of needle insertion, where the focus is on the peak frictional and insertion 
cutting forces experienced by the needle, rather than extremely accurate responses that 
replicate the insertion into the brain completely. 
 
3.5 Conclusions 
By conducting uniaxial compression and tension tests, it was possible to draw conclusions 
about the effect of gelatine and agar concentrations on sample stiffness. Increasing 
gelatine concentration leads to an increase in elastic behaviour. However, increasing agar 
concentration results in a more brittle material. 1.0%wt. agar and 6.0%wt. gelatine were 
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chosen as the gel concentrations, which best model tissue from the frontal region of the 
human brain in term of the compression experiment as well as the needle insertion into 
these gel samples. Moreover, the advantages of agar and gelatine compared with other 
artificial soft materials were also determined by the ease to prepare each sample for single 
use in the experiments of needle insertion.  
     This work has shown that both gelatine and agar brain phantoms are not able to mimic 
all of the mechanical characteristics of brain tissue, as seen in the results of 
compression/tension tests, as well as needle insertion experiments. Nevertheless, these 
particular gelatine and agar concentrations have been shown to demonstrate an insertion 
force which is within an order of magnitude of the force obtained from dead pig brain. 
Both 1.0%wt. agar and 6.0%wt. gelatine can thus accurately provide a repeatable 
experimental platform for the following chapters. The viscous properties of agar will be 
suitable for the reciprocating motion experiments outlined in chapters 5 and 6, while the 
transparency of gelatine will be used to investigate tissue deformation and disruption 
using laser-based techniques, as will shown in Chapter 7. 
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Chapter 4 Probe-Tissue Interaction 
Studies  
 
4.1 Introduction 
As outlined in Chapter 1, the focus of this research work is on the development of a 
novel insertion method for percutaneous intervention.  It has been inspired by the egg-
laying mechanism of certain insects and is based on the reciprocal motion of interlocked 
probe segments. It is hypothesised that, in this approach, the reciprocating motion of the 
segments, coupled with small anisotropic surface features embedded in the outer surface 
of the probe (i.e., microscopic backward pointing teeth), results in a forward motion of 
the tip, without the need for an overall forward push from the back of the probe.  
     This chapter presents the preliminary results of a biologically inspired 
“microtexturing” method, which represents a novel concept where microscopic textures 
are “printed” on the outer surface of prototype probes by a stereolithographic method. 
This study represents the first step in the development of the new insertion method, as an 
anisotropic surface is key to forward motion. Simple one-part probes are manufactured 
with microtextures of different size and geometry, then simple insertion/extraction tests 
are performed to characterise the forces acting at the probe/tissue interface. 
     Results suggest that the size and geometry of the texture “printed” on the outer 
surface of a surgical instrument clearly affect the insertion and extraction forces generated 
at the tissue-probe interface. Thus, by carefully choosing an appropriate microtexture, 
unique insertion characteristics can be obtained, which can improve the performance of 
existing instruments (e.g. reducing slippage in permanent electrodes such as those used in 
deep brain stimulation) or enable the development of novel designs altogether, which will 
be the focus of subsequent chapters. 
      The probe samples were developed in collaboration with the Rutherford Appleton 
Laboratory’s micro-manufacturing labs in the UK. The experimental implementation and 
data analysis were performed by the author in collaboration with a fellow researcher, Luca 
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Frasson. Some of the work presented in this chapter has been published in journal articles 
[1, 98, 99] and conference articles [100, 102], also described in section 1.5.  
 
 
 
Figure 4.1: The structure of Chapter 4 
 
4.2 Biological inspiration for needle insertion 
A number of researchers have studied the interaction process during needle insertion with 
respect to differences in needle geometry, such as core diameter, tip features and the 
insertion mechanism. However, this section is dominated by the testing of the bio-
inspired probes, with the aim to prove the concept that surface topography influences 
frictional forces during needle insertion and extraction through animal brain. 
 
4.2.1 Biomimetic concept 
As introduced earlier, the inspiration for the soft tissue probe was derived from a wood 
boring wasp (Sirex noctilio). Its ovipositor is designed to effectively penetrate into the wood 
 
 
Chapter 4                                                                   Probe-Tissue Interaction 
93 
 
by a unique mechanism and specific surface topography. The literature review in section 
2.4.2.2 described a micro-penetrator concept inspired by the biomimetic drill for low 
gravity missions [14]. The micro-penetrator was designed to burrow through hard tissue 
with a straight trajectory. A similar approach is investigated here to implement a new 
method for percutaneous intervention. Vincent et al. [82] studied the behaviour of the 
ovipositor and concluded that the unique architecture of its tooth surface, bi-valve 
structures and motion mechanism result in an elegant, undisruptive and “buckling-free” 
approach to probe insertion. 
     The reciprocating mechanism described in this section is based on the unique 
ovipositor design illustrated in Figure 4.2. The ovipositor is composed of two interlocked 
segments, which are characterized by a “toothed” outer surface to improve grip at the 
ovipositor-substrate interface and are able to slide reciprocally with respect to each other 
(Figure 4.2c). After initial purchase into the target material (e.g. wood for some species, 
host larva tissue for others), the two segments are sequentially pushed and pulled to 
produce forward motion: the backward pointing teeth of the “pulled segment” grip the 
tissue, thus facilitating and stabilizing the insertion of the “pushed segment” with virtually 
no net force generated in the ovipositor assembly and, consequently, a greatly reduced risk 
of buckling. This elegant motion mechanism could thus lead to instruments which can be 
inserted into soft biological tissue, with a reduced risk of buckling and reduced tissue 
trauma. 
Figure 4.2: (a) Wood wasp (Sirex noctilio) drilling into wood, (b) scanning electron 
microscope view of the ovipositor tip and (c) schematic view of the drilling mechanism 
[82] (Image courtesy of Julian Vincent). 
 
At the tip of the ovipositor of S. Noctilio [82] there are backward teeth facing away from 
the tip (1-4); these behave as pull-teeth which cut the tissue on the upstroke. The 
remaining teeth gradually point to the tip as push-teeth (Figure 4.2b). As a result, the 
ovipositor is able to penetrate the wooden tissue in both directions. On the other hand, 
the ovipositor of M. n. Nortoni [82] has the teeth only pointing away from the tip as Figure 
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4.3. The study focused on the unidirectional micro-teeth during biological probe insertion 
into soft tissue in order to determine the surface geometries influence on tissue traversal. 
 
 
Figure 4.3: The tip of the ovipositor of M. n. nortoni. The teeth 1 to 7 point proximally are 
pull teeth [82] (Image courtesy of Julian Vincent). 
 
4.2.2 Research rationale 
The bio-inspired probe is designed to access deep brain area with accuracy and causing 
minimal damage to perform diagnostic and therapeutic procedures. In general, the needles 
and catheters used today are rigid, straight and have smooth surfaces. However the 
purpose of this section is to study the microtextured probes and their effect on soft tissue 
during insertion and extraction phases, in terms of frictional force measurements. 
Addtionally, the measurement of force required during insertion and extraction was 
considered in order to select the appropriate tooth geometry of the probe to interact with 
biolgical tissue.  
     Figure 4.4 illustrates the diagrammatic representation proposed to prove the concept 
of “forward motion through a reciprocating mechanism”. As experienced by ovipositing 
wasps, reciprocally actuating the two valves comprising the flexible ovipositor, the wasp 
can penetrate tissue while exerting minimum axial force from its back. A simplified 
equation describing this behaviour is given: 
 
                                             (4.1) 
   
     Where    is the force required at the tip of the probe to cut and displace the tissue,    
is the force caused by the probe surface sliding against the tissue compressing the probe 
shaft during insertion,    is the force caused by the probe surface grasping the tissue when 
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attempting to remove the probe from the tissue, and    is the force used to push the 
moving half of the probe inwards. This equation can be simplified by deleting the external 
friction force i.e., the friction between the soft tissue and ground. Hence, the soft tissue is 
placed on a very low friction bearing. This is because of the assumption that any external 
force interacting with the soft tissue can cause it to move. One segment must play an 
important role as the gripper to hold the soft tissue and allow the other to penetrate. 
However, the extraction friction force must be larger than the cutting force plus insertion 
friction force, according to equation 4.1. Otherwise the soft tissue would be pushed and 
ripped out from the anchoring segment.    in equation 4.1 is a constant applied force. 
The penetration of the moving segment into the soft tissue is facilitated by (i) increasing 
the extraction force by increasing the contact surface and (ii) decreasing the cutting force 
by choosing a smaller size tip and shaft.  
 
Figure 4.4: Diagrammatic representation of the forces involved during two steps of the 
reciprocal motion; the lower valve is stationary, whilst the upper valve is pushed inside 
the tissue. The extraction frictional force exerted by the stationary valve avoids the tissue 
moving to the right, together with the upper moving part, on the very-low-friction 
bearing. Simultaneously, the lower valve is pushed to counteract the unmoving upper 
valve as prior step. Internal friction force between two valves in this study is discarded. 
 
 
Chapter 4                                                                    Probe-Tissue Interaction 
 
 
Chapter 4                                                                   Probe-Tissue Interaction 
96 
 
The author was responsible for the study of probe-tissue interaction between 
microtextured surface with compliant media, while a colleague investigated the modelling 
and optimization of interlocking system of multi-part probe including internal friction 
force. Two main steps have been identified in order to prove the concept of reciprocal 
motion: probe–tissue interaction characterization and forward motion through a 
reciprocating mechanism. The first step is investigated in the following sections, while 
forward motion via a reciprocating mechanism will be the focus of the next and 
subsequent chapters.  
     The first step required to investigate the concept of reciprocal motion was to identify a 
suitable anisotropic surface texture for the probe that satisfied equation 4.1, without 
causing tissue damage during the insertion and the extraction of the probe itself into soft 
tissue. For this test, rigid probes with toothed surfaces were manufactured and tested on a 
pig brain, measuring the force required to insert and extract the probe (section 4.4.1).  
 
4.3 Conventional neurosurgical probe insertion 
Studies of probe insertion into soft tissue have been the subject of interesting research in 
recent years. Many reports demonstrate probe insertion into soft tissues using animal 
organs such as liver [101], prostate [69], brain [26] and tissue phantoms thereof. Probe 
insertion into the brain includes brain biopsy, shunt placement and DBS electrode surgery 
in clinical procedures, as well as force measurement and tissue deformation in research 
activities. In this study, quantitative analysis of the force measurement from the brain-
probe interaction is investigated. A simple experiment protocol was designed to measure 
the force acting on the probe during movement through a post-mortem pig brain. 
Although this approach was based on the basic knowledge reviewed in Chapter 2, 
implementation of the same concepts was replicated here to understand the behaviour of 
probe insertion using conventional probes, which could then be compared to the 
performance of microtextured probes, which will be the focus of the next section.  
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Figure 4.5: A sample model of a brain biopsy probe with stereotactic flame. 
 
4.3.1 Materials and methods 
Experiments were carried out on an adult pig brain age between 12-15 months (90 gram) 
obtained from a slaughter house. The pig was terminated according to the standard 
slaughter procedure and the sample was transported over night in the refrigerator (4°C). 
After extraction from the skull and dural membrane while the inner layer (pia mater) was 
still intact, the brain was positioned in a transparent cubic box with internal dimensions of 
50x50x50mm at room temperature (25°C). The probe was attached to a 10N load cell 
(2525-807 Series, 0.25% of the indicated load accuracy) of an Instron machine (Model 
5565 Series, Instron Inc.). The force was then analysed in the direction of the probe axis 
in parallel with the force sensor and no deflection was observed. 
     Figure 4.6 shows the four types of conventional surgical probes and catheters used:  
1) a DBS electrode coated with polyurethane stiffened by an internal stylet and 
endowed with four electrodes (1.27mm OD model 3387, Medtronic Inc.), 
2) a brain biopsy needle made from solid stainless-steel probe with a diameter of 
1.80mm and round tip,  
3) a bevel-tip liver biopsy needle, with 2.10mm OD and 
4) a standard 3.0mm-ventricular catheter, with round tip, made from stainless-steel. 
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Figure 4.6: Picture of four kinds of conventional probe surgery: (a) deep brain stimulation 
electrode, (b) brain biopsy needle, (c) liver biopsy needle and (d) ventricular catheter. 
 
The probes were vertically inserted 3 times from the surface into the pig brain 30mm 
deep at a constant velocity of 1mm/s and extracted without a temporary stop period. 
Repeat experiments were carried on the nearby area of the brain surface at least 10mm 
away from the previous insertion site to avoid bias. The probe force and displacement 
were recorded at a sampling rate of 100 Hz. Figure 4.7 shows force measurements carried 
out by advancing the four probes into the lateral surface (fronto-temperal lobe) of the pig 
brain. 
 
4.3.2 Results and discussion 
Figure 4.7 shows the force profile measured from each probe during insertion and 
extraction into pig brain. In neurosurgical practice, prior to the standard probe insertion 
into the brain tissue, a small opening is made by a sharp surgical knife on the innermost 
layer (pia mater) at the intended penetration site, which is performed in order to advance 
the probe easily with less tissue deformation [26]. However, such a procedure was not 
conducted in this study because the membrane puncture force affected by the tip 
geometry cutting through the membrane was of interest to this study. 
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Figure 4.7: Force profile plot of four probes insertion test into pig brain. Force (gram 
force) versus time (sec) is plotted on the first and second cycles. 
 
Data were collected during a single test of four probes. The force measurements were 
taken during the course of the probe advancing into a tissue that has different consistency 
due to the inhomogeneous and anisotropic characteristics of the brain tissue below the 
brain surface. There is an initial steady increase in force when the tip of the probe 
contacting the brain surface begins to deform the brain membrane and the underneath 
tissue along the insertion direction, as shown in Figure 4.8. Hence a sudden force drop 
results from the membrane being punctured. This is followed by penetration through the 
subsurface structures. This puncture force is not visible in the second cycle because the 
probe traverses through the ruptured membrane along the same probe tract. The 
puncture force increases proportionately with the increasing size of round-tip probe. In 
contrast, the bevel-tip probe requires less puncture force to cut through the brain 
membrane.  
     After puncturing the membrane, the penetration forces were subsequently found to 
depend upon the probe shaft diameter and depth of probe insertion. Moreover, during 
the extraction phase and second probe insertion, the force acting on the probe was not 
remarkably different due to the same smooth surface and similar probe diameter in 
contact with the brain. It should be noted that the forces required in the second cycle to 
reintroduce the same probe along a previously created probe tract were measured and 
found to be approximately 80% less than those obtained during the 1st cycle. 
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Figure 4.8: (a) Pre-puncture phase and (b) the puncture phase of a DBS electrode being 
introduced into a dead pig brain. 
 
As expected, a greater force magnitude and soft tissue displacement was measured for the 
two round tip probes with larger dimensions. In contrast, a small puncture force (15 gram 
force) was observed as a result of the bevel tip probe. During extraction, the amount of 
surface contact corresponding to the size of the probe diameter provided the dominant 
contribution to the force profile, due to the increase in frictional force. These force 
measurements will be used to evaluate the performance of microtextured probe samples 
in the following section. 
      In summary, the frictional force typically increased linearly with depth in the brain 
tissue rather than the size of probe diameter, but its magnitude is an order of magnitude 
smaller than the insertion cutting force i.e., the force required to break new ground into 
the brain. These findings suggest that a different surface texture on the probe shaft is 
needed to substantially improve the frictional force during extraction, as it needs to be 
greater than forward friction plus cutting force in order for the reciprocating concept to 
work.      
     The bevel-tip probe exhibited different force patterns to the round-tip probe. This is 
because the bevel-tip probes are designed for cutting through harder tissue, for example, 
liver, kidney and prostate. As a result, it would require a smaller puncture force, but still 
provide a larger cutting force along a 30mm trajectory into the brain tissue at a speed of 
1mm/s. The optimum design of a soft tissue probe will thus depend on the specific 
application. Hence, for brain-tissue, the probe design optimally has a round-tip and a 
small diameter as possible to minimize the degree of tissue rupture during probe insertion, 
by separating tissue rather than cutting the tissue by sharp tip. In addition, there was 
noticeable variability in the force-time profiles even when the same probe was used. This 
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was due to variations in the anatomical structures of the brain tissue being penetrated. 
Thus, variations in the insertion force of the same probe in the different brain areas were 
observed.  
      A crucial limitation of this study was the inability to determine and account for 
variations in the subsurface structures being penetrated by probes. As a result, a synthetic 
brain phantom was introduced in the comparative study centred around the development 
of a new method of probe insertion (section 6.3.4). 
 
4.4 Microtextured probe insertion tests 
This section presents a study of different surface topographies for the bio-inspired probe. 
These include teeth and fin-like microstructures with the aim of characterizing different 
textures for friction and tribological interaction with biological tissues. The main objective 
of this study was to identify a particular surface topography which would be advantageous 
for providing grip by reciprocating motion of a custom-built probe into soft tissue. For 
this to occur, the force required during extraction must be greater than insertion (i.e., 
anisotropic surface properties).  
     In this way, the reciprocal movement of two components composing the two-part 
probe would result in forward motion of each halve alternatively, without the need for an 
axial push to the whole probe. To start with, the preliminary study of the section requires 
the selection of a suitable probe surface geometry, in terms of both dimensions and shape.  
 
4.4.1 Materials and methods 
Bio-inspired microtextured fabrication 
The straight probe prototypes were developed in collaboration with the Science and 
Technology Facilities Council at the Rutherford Appleton Laboratory in the UK.  The 
probe was moulded with 12 identical microtextured strips around the probe core, as 
shown in Figure 4.9. The soft tissue probe consisted of a core probe mounted with 
microtextured strips along the shaft surface. The reference probe was produced by 
microstereolithography (MSTL), to produce a diameter of 4.4mm, rigid smooth surfaces 
comparable with standard neuroendoscopes [98]. The overall length of the probe was 
80mm, and terminated in a conical tip. According to the microstructure on the ovipositor, 
test strips with 2 simple geometries of triangular and fin-like teeth were fabricated using 
UV-lithography with high-aspect-ratio microstructures of SU-8 [102]. The strips had 
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dimensions of 75mm long and 0.9mm to 1.4mm in width with different protruding 
heights of teeth (500μm, 250μm, 100μm, 50μm and 10μm). The 12 identical strips of 
teeth aligned in the same direction were inserted and glued into the grooves of the rigid 
probe. An additional plain probe was produced for use as a reference. 
 
 
Figure 4.9: Optical microscope features of  fin-like teeth and  triangular teeth range from 
10μm, 50μm and 500μm [102]. 
 
The microtexture structures were designed into two particular features; triangular and fin-
like teeth as shown in Figure 4.9.  
 
 
Figure 4.10: (Left) A SEM image of the core probe with the grooves for inserting SU-8 
strips. (Right) A conical tip probe with twelve 500µm fin-like tooth strips glued to the 
MSTL core probe [102]. 
 
Probe insertion and extraction was tested with an Instron electromechanical load testing 
machine (Instron Dual Column Model 5565 Series, Instron Inc.) equipped with a 100N 
load cell (2525-807 Series Drop-through Load Cell 100 N, 0.25% of the indicated load 
accuracy). The target tissue was an adult pig brain (age between 12-15 months). The test 
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was carried out within 24 hours of death, and lasted 1hour. In order to decrease the post-
mortem decay process, the pig brains were kept inside a refrigerator (4°C). The brain was 
extracted from the skull and the dural membrane removed by myself. The brain was then 
positioned in a transparent plastic box with 5 holes at the top and at the bottom (inner 
space 50x50x50mm) as in Figure 4.11. The thickness of brain specimen inside the box 
after covered with lid was 32mm.   
     The probe was inserted into (and then retracted from) the soft tissue down to a depth 
of 30mm three times. All the experiments were run at an insertion and extraction velocity 
of 1mm/s. All probe prototypes are tested twice to ensure consistency and mitigate any 
experimental inaccuracies. The test was performed at room temperature (25ºC) and at 
23.9% humidity. The location of the probe insertion was identified and recorded by 
myself to ensure that the brain stem, which would bias the results due to its unique 
material properties, is avoided. The experiments were recorded with a video camera 
(Sanyo VCC-6975P) in order to identify the different phases of the probe insertion and 
extraction process. To synchronize the force profile and the video recording, software for 
screen capture was used: the Bluehill.2 software (Instron Inc.), used to drive the Instron 
machine, shows the real time force profile, while the live camera feed is displayed on the 
same screen. 
 
 
Figure 4.11: The probe insertion test of a microtextured probe inserted in a pig brain 
monitored by CCD camera. 
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Figure 4.12: The probe insertion test of (left) a smooth probe and (right) microtoothed 
probe into the pig brain. 
 
4.4.2 Results and discussion 
Figure 4.13 shows the behaviour of the probe insertion (and withdrawal from) into the pig 
brain corresponding to the force profile. There were many factors influencing the force 
required, such as core diameter, tip feature, and surface texture. However, this study 
considered only the microtextured surfaces as the dominant parameter in the probe-tissue 
interaction. The first graph (Figure 4.13) represents the typical force-time profile of a test 
in pig brain with the probe profile: probe 50μm triangular teeth (50T). According to the 
video recordings, it is possible to split the experiment in its main phases: each cycle of 
insertion and extraction can be divided into 4 different phases. 
 
Figure 4.13: Force profile of three cycles of probe (50μm triangular teeth) insertion into 
pig brain with four difference phases.  D: Tissue Deformation; I: Insertion; R: Reversing; 
E: Extraction. Black Arrow indicates when the surface was pierced [103]. 
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1) Tissue deformation phase (D), the probe tip touches the inner brain membrane 
(pia mater) and causes the brain to deform. This is demonstrated by the increasing 
force acting on the probe until membrane puncture. Post puncture, the force 
value suddenly drops due to the viscoelastic energy stored in the membrane being 
released, causing the brain to reform. This deformation phase can still be observed 
during the second and third cycles though with a smaller value. This is because of 
the probe adhering to the tissue while moving in the same hole of the ruptured 
membrane.  
2) Insertion phase (I), after the membrane is pierced, the probe moves further into 
the brain by cutting the tissue on the first cycle until the force reaches its 
maximum at the end of probe displacement. The following peaks of insertion 
forces are smaller after the first cycle. 
3) Reversal phase (R): the probe was withdrawn quickly after the maximum 
insertion. In this phase, the tissue is deformed into the reverse direction. This is 
facilitated by the friction contact between the probe and the tissue when there is 
still no motion in the reverse direction. 
4) Extraction phase (E), after the peak of extraction force, the force decreases with 
further progression of the probe sliding out from the brain tissue. This is 
associated with the decreasing of probe-tissue surface contact.     
 
Figure 4.14: Force profile: first cycle for 5 different probes [103]. 
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Figure 4.15: Force profile: 2nd and 3rd cycle average for 5 different probes [103]. 
 
In Figure 4.14 the results obtained during the first cycle of insertion and extraction for 5 
different probes are shown. In these tests, the larger teeth probes (500μm and 250μm, 
both triangular and fin-like teeth) were discarded due to the evident tissue damage caused.  
In addition, it is clearly impossible to distinguish the different geometry (fin-like and 
triangular) of teeth with too small dimension of 10μm (10TF). 
     Qualitatively, the profile indicates that, during the first insertion, where both cutting 
force and friction force are present, the strips of teeth seem to prevent adherence between 
the probe and the tissue. This is probably by cutting it, thus the forces experienced are 
smaller. The force measured during the first insertion seems to be related to the probe 
surface geometry: in particular, the smooth probe requires the greatest insertion force; it is 
also possible to distinguish the behaviour of the 50μm triangular teeth (Figure 4.14, 
Green) and of the 50μm fin-like teeth probes (Figure 4.14, Cyan), where the fin-like teeth 
are less invasive (i.e., insertion requires less force). The behaviour of the 100μm finlike 
teeth probe (Figure 4.14, Black) is slightly different, but this may be due to the fact the 
probe was tested in a different brain. 
     During phases R and E (reversion and extraction), the surface geometry of the probes 
visibly affects the force profile: bigger geometries require bigger extraction forces. This 
behaviour is made clear by averaging the force profile of the second and the third cycles 
(Figure 4.15). Differences in the probe insertion force profiles of the second and third 
cycle (phases D and I) are not observable: once the tissue has been cut, the surface 
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geometries make no a real difference to the forces measured. The peak forces are almost 
ordered according to the surface geometry (Table 4.1)  
      
Cycle 1st 2nd - 3rd 
Probe 
Insertion 
Peak 
Force (gf) 
Extraction 
Peak 
Force (gf) 
Insertion 
Peak 
Force (gf) 
Extraction 
Peak 
Force (gf) 
Smooth 50.65 4.54 11.86 2.09 
10TF 33.37 4.10 14.75 3.76 
50T 28.68 7.43 16.39 5.79 
50F 23.20 10.19 17.60 7.48 
100F 26.83 19.36 16.60 9.52 
 
Table 4.1: Peak force value (gf: gram force). Smooth is the plain probe without slot and 
strips. The others are identical probes with twelve slots for microtextured strips placement 
(10μm, 50μm, and 100μm are protruding teeth height). T is triangular shape and F is fin 
liked shape. 
 
During probe extraction (phases R and E), the force profile is affected by the tooth 
dimension: the smooth probe requires the smallest amount of force, the 100μm fin-like 
teeth probe the greatest. Again, it is clearly possible to distinguish the performance of 
teeth with the same dimension (50μm) but different geometry (fin-like and triangular): 
during extraction, the fin-like teeth probe requires a larger force. Peak forces during 
insertion and extraction are shown in the following Table 4.1. 
     In this section, two main tooth geometries were chosen (triangular teeth and fin-like 
teeth), with tooth size ranging from 10μm to 500μm. The results shown in Figure 4.14 
demonstrate how very small surface topographies (down to 10μm) affect the forces 
experienced in the directions of motion facilitating the insertion of the rigid probe and 
increasing the gripping force during probe extraction. Also, considering the peak forces 
experienced, insertion was observed to require greater force than extraction, owing to the 
relatively high force experienced by the predominantly cutting force from probe tip 
during first insertion. 
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4.5 Conclusions 
The results presented in this chapter show that even very small surface geometries can 
affect the force measured during penetration and retraction of a textured probe into 
animal brain tissue. The overall aim of the project is the development of a biologically 
inspired method for percutaneous intervention. To this end, the results obtained are 
promising: adding very small surface topographies affects the forces experienced in the 
two directions of motion, i.e., reducing the inserting force and increasing the gripping 
force when the probe is pulled. However, even after an initial cutting cycle, insertion still 
requires greater force than extraction, which means that the reciprocal motion of two 
segments with textured surfaces may not be sufficient to produce forward motion into the 
tissue i.e., will not be able to produce sufficient grip to counteract the cutting force 
experience by the probe tip. 
     These results also suggest that new surface topographies for surgical instruments can 
be designed, in order to facilitate the tool-tissue interaction in term of gripping behaviour. 
Additionally, microstructured probes could avoid the slipping or migration through the 
tissue.  For instance, in Deep Brain Stimulation (DBS) for Parkinson’s disease, one of the 
complications is electrode migration [104].  
     The relationship between probe force and tissue damage can be explained by the 
amount of physical damage measured on the probe track generated into biological tissue 
after insertion and extraction. Quantitative measures in this context would include, for 
instance, the hole dimension, the track surface topography (e.g. depth map) or the length 
of any cracking lines. However, a more interesting tissue damage study can be performed 
by considering the number of dead neurons around the probe tract. This test should be 
done in vivo with living animal brain in order to obtain accurate results. This will be 
discussed further in Chapter 7. 
     In conclusion, the results outlined in this section suggest that the design of a novel 
bio-inspired probe, which penetrates through a compliant medium by exploiting a 
mechanism similar to the one found in the ovipositor of some wasps, is indeed feasible, 
but that further tuning of the reciprocating method is needed. Chapter 5 will focus on a 
study to demonstrate that forward motion along the surface of a soft tissue (thus 
removing the cutting force parameter from the equation) can be achieved via the 
reciprocal motion of textured segments. Chapter 6 will then outline the research which 
lead to successful motion into soft tissue by means of a reciprocating mechanism, where 
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four-probe segments, actuated one at a time, are used to counteract the cutting force to 
produce overall forward motion. 
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Chapter 5 Achieving Forward Motion 
on Soft Tissue 
 
5.1 Introduction 
This Chapter builds on previous work on the biologically inspired microtexturing of 
percutaneous probes (section 4.2.2).  It reports on the outcome of a feasibility study, 
where a biomimetic robotic actuator was used to demonstrate effective soft tissue 
traversal (i.e., motion along the surface of a soft tissue) through the reciprocating motion 
of custom-built anisotropic surface textures, without the need to apply an external force 
to push the tissue along the surface and while causing minimum tissue damage.      
 
 
 
Figure 5.1: Structure of Chapter 5 
111 
 
The microtextured samples were developed in collaboration with Rutherford Appleton 
Laboratory in the UK. Some of the work presented in this chapter has been published in 
journal articles [1] and conference articles [105].      
 
5.2 Reciprocation motion with "zero net force" 
5.2.1 Study rationale   
As discussed in Chapter 4, microtextures manufactured on the outer surface of probes 
can generate different frictional forces between insertion and extraction.  The extraction 
force, however, is still less than the insertion force because of the high impact of the 
cutting force experienced by the tip of the probe during insertion. Thus, a study of tissue-
microtexture interaction where the effect of the cutting force is removed needs to carried 
out in order to explore the hypothesis of forward motion via a reciprocating mechanism 
further. A study on forward motion along the surface of different tissue samples is 
presented in this section.  
      
     A number of microtextured strips were manufactured and mounted onto a custom 
built reciprocating mechanism:  
1) Two teeth geometries (triangular and fin-like) and three sizes (500µm, 100µm and 
50µm tooth width. 
2) Two stepper motors, with relevant control hardware, provided actuation and a 
crank-shaft was employed to convert rotary to linear harmonic motion (Figure 
5.2).  
3) A custom-built low friction air bearing was also manufactured in order to reduce 
the effect of any external forces to a minimum (Figure 5.6).  
 
      Binary trials on a variety of soft tissues were carried out to qualitatively evaluate the 
concept on a broad selection of material properties. This included elastic and plastic 
deformation behaviour and the presence or absence of fibres within the substrate. Then, 
detailed experiments were carried out on agar gel and gelatine to investigate the degree of 
indentation caused by the reciprocating mechanism during tissue traversal. This included a 
comparative tissue damage study using optical profilometry. On the basis of this evidence, 
possible reasons behind successful and failed trials are proposed. These are then used to 
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make recommendations about the conditions (blade geometry and size for specific 
material properties) which are necessary for soft tissue traversal via reciprocal motion, 
while causing minimum tissue damage. 
 
 
Figure 5.2: Diagram of proof of concept. 
 
5.3 Materials and methods 
The microtextured strips were fabricated in SU-8 using UV-lithography [102, 106], in 
collaboration with STFC at Rutherford Appleton Laboratory. These SU-8 samples are 
15mm square and 0.5mm thick, with high-aspect-ratio microstructures etched along the 
bottom side: triangular (“T”) teeth and fin-like (“F”) teeth (Figure 5.3) were developed, 
emulating the tooth geometry presented on a variety of ovipositors. The dimension of 
interest (i.e., the depth of the protruding feature of the tooth) was set to 500µm, 100µm 
and 50µm, and an additional smooth sample for reference. All samples were rounded at 
both corners to minimize any edge loading which could occur while the sample is dragged 
along the tissue. 
 
 
Figure 5.3: Optical microscope view of the strip microtextures: (a) the 100µm fin-like 
teeth and (b) the 50µm triangular teeth. 
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Figure 5.4: Microtextured strips with (from left to right): 500µm, 100µm and 50µm teeth 
and smooth strip, including both triangular (“T”) and fin-like (“F”) geometries. 
 
5.3.1 Material selection 
A variety of tissue specimens were preliminarily tested, which included inorganic materials 
(aluminum, glass, rubber and synthetic fabric), organic materials (paper, wax, silicone, 
gelatine and agar gel) and a selection of biological soft tissues (porcine muscle, liver and 
brain). In order to test muscle fibre, sliced pork meat (available in supermarket) was used 
and the specimen was positioned such that the reciprocating motion direction was 
perpendicular to the exposed fibres (Figure 5.5). 
     On the basis of these trials, a more thorough analysis on agar gel and gelatine was 
performed. Their use for simulating brain tissue was described in section 3.3.3. Two 
different agar gel concentrations, 1.0 and 1.6%wt. were tested. The first value was selected 
on the basis of the previous study, which determined that 1.0%wt. agar gel most 
accurately represented the pig brain tissue for probe insertion (section 3.4.2). The second, 
higher concentration was chosen to investigate the effect of increased elastic modulus and 
brittleness on mechanism performance. Similarly, 6.0%wt. gelatine, the material properties 
of which have been compared to canine brain [63] and pig brain (section 3.4.2), was tested 
and the results between agar and gelatine compared. Each solution was stained with 0.2cc 
of trypan blue dye to facilitate viewing under a microscope. They were then poured into 
plastic Petri-dishes (diameter 89mm, 14mm high, 50cc of mixture) for testing and analysis. 
The solid state was obtained after 30 minutes at room temperature (25°C) and each 
sample was tested and analyzed within one day of preparation. 
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Figure 5.5: The material selection for the sliding microtextured experiment on sliced pork 
and agar gel poured with trypan blue dye. 
 
5.3.2 Elimination of external friction 
As per the study hypothesis, the reciprocating motion of the samples, which possess 
different frictional characteristics in the two directions of motion, enables a tissue 
specimen to be moved forward in a chosen direction, either towards or away from the 
reciprocating mechanism. In order to eliminate any bias introduced by external forces, 
however, the frictional force between the specimen and mounting plate should be 
minimized. To this end, a linear air bearing prototype was developed and incorporated 
into the rig setup. An aerostatic bearing was chosen (as shown in Figure 5.6) as it had a 
very low friction coefficient (around 0.0001). This is more than one order of magnitude 
smaller compared with equivalent grease lubricated bearings (0.001-0.005) [107]. The 
bearing size was 200x150x23mm. The air bearing platform was suspended within an air 
film with air pressure of 7 bar from the upper cover, 2 bar form the side wall and 1.5 bar 
from the bottom base.  
 
 
 Figure 5.6: The prototype of aerostatic bearing mounted with positional encoder. 
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The experimental rig developed is shown in Figure 5.7. It is designed to be able to move 
the microtextured strips backwards and forwards across the simulated brain tissue. 
However, while the synchronized motion of two samples is possible with this setup 
(thanks to the two motors), it was chosen to reciprocate only one of the two samples 
while maintaining the second stationary. This protocol achieves the same overall function, 
while minimizing mechanism induced oscillations of the microtextured strips. The 
rotating motion of a stepper motor (stepper motor w/rear shaft, 12 V 500mNm, step 
angle 1.8°) was converted into a reciprocating action by means of a crank-shaft 
mechanism, as illustrated in Figure 5.7. This enabled the microtextured strip to achieve 
simple harmonic motion over the tissue specimen, which is positioned onto the linear air 
bearing. Two light aluminum rods (with a weight of 2 gram) are used to secure the 
samples to the actuation system. The electrical pulse sequence was applied to the motor 
via a drive board (4-phase unipolar stepper motor drive board) so that the number of 
steps and the speed of rotation were determined by the number of pulses and by the 
frequency of the input signal (1.8° step angle of rotation of the spindle, 400 
steps/revolution in a half step configuration). The air bearing was placed next to the 
reciprocating actuator and an optical encoder (Agilent AEDR-8000 series reflective 
surface mount optical encoder) was mounted onto the frame (linear code strip 2.95 
lines/mm, encoder resolution 0.083mm) to record the instantaneous position of the 
moving plate. A CompactRIO real time controller (NI cRio-9014, National Instruments 
Inc.), programmed via a graphical user interface implemented in LabView v.8.5 (National 
Instruments Inc.), was used to drive the stepper motor via the driver board and to record 
the data from the positional encoder. The direction and position of the sliding plate where 
the tissue specimen is fixed was monitored and stored by the LabView real time interface 
for post-processing. Both the normal force applied to microtextured samples in the 
direction of the tissue specimen and the speed of the stepper motor were maintained low 
and constant throughout the experiments to reduce the number of parameters affecting 
the results.  
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Figure 5.7: The experimental rig setup including: (A) two stepper motors, (B) 
corresponding electronics, (C) a CompactRIO controller, (D) reciprocating mechanism, 
(E) low-friction air bearing with optical encoder and (F) control laptop running LabView 
v. 8.5.  
 
5.3.3 Testing protocol 
The protocol applied to characterize the interaction between the samples and the different 
tissues was as follows:  
1) An SU-8 serrated strip was mounted into the reciprocating mechanism with the 
teeth directed in such a way as to push the agar sample away from the actuator 
mechanism.  
2) A second strip, with equal teeth geometry and size to the first, was placed parallel 
to it, with the teeth pointing in the same direction.  
     The reciprocating mechanism was then used to provide the “pushing and pulling” of 
the first sample at a constant stroke of 8.84mm. Two complete revolutions were 
performed for each test, starting with a complete pull and followed with a complete push, 
twice in sequence. The experiments were also recorded with a video camera (Sony 
Handycam HDR-SR10E) in order to identify the different phases of sample and tissue 
motion. 
     Furthermore, a real time interface controller implemented in LabView was used to run 
the stepper motors and to display the position vs. time profile of the sliding plate on a 
laptop screen, which was also saved to file for post-processing. The tissue specimens were 
placed centrally onto the sliding plate and the two samples (one moving and one 
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stationary) were rested on the tissue specimen with the teeth side facing the tissue and 
parallel to it. Two tests were run for each strip and each tissue specimen (section 5.3.1) 
and the position-time profile was averaged. Finally, the surface damage of a selection of 
representative specimens was observed and recorded via optical profilometry.  
 
5.3.4 Tissue damage investigation 
Each sample of gel was first observed under a light microscope (Carl Zeiss Axioskop 40), 
as shown in the example reported in Figure 5.8 left. Since optical sectioning is difficult to 
achieve with a conventional microscope, a confocal laser scanning microscope was 
introduced to measure the track left by each textured sample after every reciprocating 
motion experiment. Specifically, an optical profilometer (Confocal laser scanner Xyris 
4000, TaiCaan Technologies Ltd.; resolution up to 0.01µm) was chosen to obtain the 3D 
surface profile of the tissue surface after reciprocal motion of each strip. Direct scanning 
of the semi-transparent materials was not possible due to insufficient reflection at the 
focal point. Hence microscopic replicas of the damaged surfaces were produced with 
special fast-setting moulding rubber (Microset 101RF, Synthetic rubber replicating 
compound), which was subsequently measured via optical profilometry (Figure 5.8 right). 
It should be noted that the microset replica is a microscopic moulding to replicate detail 
with dimensions less than 0.1µm. It is fast curing within 10 minutes to assess the surface 
topography of the microtextured traces and able to maintain texture permanently. The Tai 
Caan Boddies2D software package (Tai Caan Technologies Inc.), which provides a large 
selection of surface analysis and 3D imaging tools, was used to process the profiler-
generated data. 
 
 
Figure 5.8: (Left) Optical microscope image of the track left by the 500T microtextured 
sample on the agar gel surface and (Right) Microset 101RF, synthetic rubber replicating 
compound, resolution 0.1µm with equivalent microtextured traces. 
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5.4 Results 
 
5.4.1 Hardware calibration 
The clearance of the air bearing was measured to be approximately 0.05mm above and 
0.25mm below the sliding plate. By inclining the bearing with fine shims increasing size 
until motion of the plate was detected, the friction coefficient between the sliding plate 
and air film was calculated to be approximately 0.00037. This work was performed by the 
MSC student (J. Biesenack). My experiment shown that, by adding the weight of a Petri-
dish containing the tissue specimen, the sliding plate maintains its frictionless features. An 
accurate estimate of the stroke obtained with this setup was computed by setting the input 
signal for the motor (frequency 75Hz, Half Step configuration) and recording the 
displacement of the air bearing (via the optical encoder) after securing the sample holder 
(mounted at the end of the crank-shaft) to the sliding plate itself. Highly repeatable results 
were achieved, with a harmonic stroke of 8.84mm amplitude: the “position vs. time” 
function for the stroke is shown in black in Figure 5.9. By holding both the speed of the 
motor (11.25 rpm) and applied normal force in the direction of the tissue (2 gram) 
constant, simple harmonic motion of the samples with 5.22mm/sec maximum speed and 
26.15mm/sec2 maximum acceleration was achieved. These values were shown empirically 
not to produce unwanted inertial forces of the sliding plate, while allowing sufficient time 
for the tissue to deform (elastically or plastically) under load. 
 
5.4.2 Broad material sweep 
A summary of the materials tested, including a binary result (a list of sample geometries 
and sizes for tests which succeeded or an “x” to represent complete failure) pertaining to 
the ability of any microtextured strip pair to traverse the tissue surface, is included in 
Table 5.1. As can be seen, most of the materials failed to work as expected with any of the 
microtextured strips tested. Most of the inorganic materials and the biological soft tissue 
specimens did not provide sufficient “grip”, resulting in periodic oscillations about the 
original starting point. It is also apparent from these preliminary results that the Young’s 
modulus of the material is not, per se, correlated to the success of a trial. 
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Table 5.1: Results summary including: material young’s modulus estimates (obtained from 
[55, 108, 109, 110, 111]), type of sample/tissue interaction observed, failure (“x”) or 
success obtained with the samples (S: slide, ED: elastic deformation, H: hook, PD: plastic 
deformation, and C: cutting). 
 
5.4.3 Comparative analysis between agar and gelatine 
A graphical representation of the results obtained for all combinations of blade geometry 
and size for 1.0%wt. agar gel and 6.0%wt. gelatine is illustrated in Figure 5.9.  These two 
representative samples were selected for further investigation, as they were used in brain-
related comparative studies with good results in Section 3.3.3. While there are some subtle 
differences between samples, the performance of all specimens can be broadly subdivided 
into combinations where forward motion was achieved and those where it was not. 
Specifically, it is apparent that, while most agar gel combinations worked as expected (i.e., 
caused forward motion of the specimen), virtually all gelatine trials failed to produce the 
desired motion. This suggests that the material properties of the soft tissue specimen plays 
a dominant role with respect to the microtextured geometry, but further work will be 
needed to identify the key parameters which affect this behaviour. Additionally, among 
the successful trials, good correlation between microtextured size and any slip between 
the “gripping” sample and the tissue was found. The y-axis displacement between the two 
“sliding plateaux” in Figure 5.9 was compared to one complete stroke of the stepper 
motor, converted into a linear range by means of the crank-shaft arrangement (8.84mm). 
Results have been summarized in Table 5.2, where a “Gripping Ratio” of “1” represents 
perfect grip. 
 
 
Chapter 5                                                      Forward Motion on Soft Tissue 
120 
 
   
Figure 5.9: Chart illustrating the traversing capabilities of the different microtextured 
strips in 1.0%wt. agar gel and 6.0%wt. gelatine sample. 
 
Blade 
(sample) 
Distance Travelled 
(mm) 
Gripping Ratio 
(stroke 8.84 mm) 
500F 8.55 0.97 
500T 8.86 1.00 
100F 7.00 0.79 
100T 6.91 0.78 
50F 5.03 0.57 
50T 3.74 0.42 
Smooth 0.005 ~ 0 
 
Table 5.2: Distance travelled (mm) and gripping ration (distance travelled/stroke) with a 
stroke of 8.84mm for 1.0%wt. agar gel. 
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5.4.4 Quantitative tissue damage analysis 
A selection of representative samples, including four microtextured geometries and two 
materials, is illustrated in Figure 5.10. Specifically, Figure 5.10A shows the three-
dimensional surface of the 500T (left) and 500F (right) on 1.0%wt. agar gel, where the 
cross-sectional depth profile of each is illustrated in Figure 5.10B. Similarly, Figure 5.10C 
depicts the 3D topography of a damaged 6.0%wt. gelatine specimen, after reciprocal 
motion testing with 100F (left) and 500T (right) microtextured samples.  
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Figure 5.10: Measurements via optical profilometry of tissue damage caused by stationary 
samples: (A) 3D topography of a 1.0%wt. agar gel with (B) corresponding depth map and 
(C) topography of a 6.0%wt. gelatine sample. 
 
Further evidence for the mixture of cutting and plastic deformation occurring with agar 
gels is provided by the tissue damage results illustrated in Figure 5.10A. As can be seen, 
the track produced by the samples on agar gel is substantially different from that of 
gelatine (Figure 5.10C). While only a small selection of results is shown here, a similar 
pattern of damage was observed on all the specimens where forward motion was 
achieved, independently of concentration and sample geometry/size. As illustrated in 
Figure 5.10C, gelatine specimens showed random tearing of the tissue, mixed with regions 
with virtually no detectable tissue damage. Conversely, Figure 5.10A illustrates a more 
consistent pattern of tissue damage, with clear indentations which approximately mirror 
the geometry of the sampled used in the relative experiment. Specifically, both lines in 
Figure 5.10B describe a clear indentation pattern, with an average width of 864μm per 
gap, which correlates well with the distance between the teeth (500μm/tan(30º) = 
866.5μm, where 30º is the slope of each tooth), coupled with a negligible amount of 
plastic deformation. The average depth of each indent, however, is 57μm of 500T and 
77μm of 500F samples, which is substantially less than the 500μm depth of each tooth. 
This suggests that each sample only partially penetrates the surface to provide grip 
without extension of the tissue damage. 
      It should be noted that the surface profiles left by the 500F sample was deeper than 
those of 500T by means of the average of maximum depth of four teeth (77 against 
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57µm). This physical observation may caused by the sharper tip of the fin-like teeth 
digging like a chisel into the agar surface during their pushing motion. According to the 
results obtained from section 4.4.2 (table 4.2) demonstrate that the fin-like teeth geometry 
of the microtextured probe was able to provide higher extraction friction force than 
triangular teeth at the same tooth height. However, the gripping ratio of tissue forward 
motion (Table 5.2) between 500F and 500T and other dimensions are not significant 
different.  
 
5.5 Discussion 
From the results of preliminary experiments on a broad selection of tissue specimens, it is 
clear that the concept of tissue traversal based on reciprocal motion only works on a small 
subset of the materials tested. Based on experimental observations, the sample/tissue 
interaction can be categorized into five distinct behaviours: 
 “S” for slide: if there is virtually no interaction between the microtextured surfaces 
of the strip and the underlying tissue then the tissue is unaffected by the 
reciprocal motion of the (microtextured) strip sliding on the sample surface. 
 “ED” for elastic deformation: if the material is highly elastic, such is the case for 
gelatine, the surface deflects away from the teeth and thus there is no real 
gripping of the tissue during motion.  
 “C” for cutting: for very fine surface textures, which act as razor blades, or when 
the tissue specimen is very soft, the material is simply cut and thus no forward 
motion occurs.  
 “H” for hook: if the specimen includes fibres within the substrate, the 
microtextured teeth simply act as hooks, in which case, there is no real elastic or 
plastic deformation in the process.  
 “PD” for plastic deformation: the final behaviour is typical of the trials on agar 
gel, although the protocol adopted to test organic materials may have caused a 
bias in the results (it proved impossible to produce organic specimens which were 
absolutely flat, thus causing uneven sample/tissue interaction). In this case, it is 
believed that a mixture of cutting and plastic behaviour occurs, which improves 
gripping of the teeth, thus enabling forward motion.  
     The last two categories (H, PD) embody successful behaviour. Figure 5.9 illustrates 
how very fine surface textures, such as those included in the 50T and 50F samples, are 
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able to successfully grip the tissue in one direction, while sliding in the other. Further 
evidence for the mixture of cutting and plastic deformation occurring with agar gels is 
evidenced by the tissue damage results will be demonstrated in Figure 5.10A. 
     While there is insufficient evidence to draw substantiated conclusions about this 
behaviour, a qualitative interpretation of the results suggests that successful tissue 
traversal is highly dependent of the material properties of a chosen sample tissue. Gelatine 
exhibits a highly elastic behaviour, which prevents the samples from cutting into the tissue 
surface (i.e., the surface elastically deforms under load). Conversely, the more brittle 
characteristics of agar gel seem to be ideal for this type of actuation mechanism, as very 
fine surface textures can be used to achieve forward motion. It is unclear to what extent 
each sample is cutting rather than plastically deforming the agar specimen in order to 
produce the even track, but it is believed that a combination of both is necessary for this 
to occur. 
     Consideration on the suitable microtextured geometry used on the probe surface is 
triangular teeth because it is able to provide the sufficient grip on the tissue for 
reciprocating motion of microtextured structures on the surface of the appropriate media 
and through the tissue sample which will be demonstrated in section 6.4.1. Moreover, the 
triangular teeth feature remarkably causes less tissue indentation exhibited on depth 
profile in Figure 5.10 B. During the sample testing, the microtextures were fragile 
especially fin-like feature because they were made from silicon with very thin (0.5mm) 
dimension. Eventually, the microtextures will be manufactured with flexible material 
coated around the probe as a next step of clinical application of microtextures in surgical 
tools. Nevertheless, the microtextured structure is not necessary to add on the 
development of multi-part probe based on reciprocating motion as detail demonstrated in 
Chapter 6.  
 
5.6 Conclusions 
While limited in scope, the results presented in this chapter clearly demonstrate that 
effective tissue traversal can be achieved through a reciprocating mechanism, without 
causing excessive tissue damage. Fine surface topographies, such as the 50µm triangular 
and fin-like teeth, have been shown to work repeatedly with the right choice of material, 
but no combination of geometry and size was found to satisfy the requirements for 
certain gelatine concentrations and biological soft tissues, such as liver and brain. Failure 
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in the latter, however, may be due to poor sample preparation, thus further tests would be 
required to obtain more conclusive results. Soft tissue traversal via reciprocating motion 
may thus be limited in application to certain soft materials, possibly fibrous or brittle 
materials, such as muscle and agar gel. In addition, the results can be broadly subdivided 
into tests which succeeded and test which did not. Thus, by disregarding the increasing 
amount of slip between the texture and the tissue for decreasing tooth size (Table 5.2) 
since it does not impair overall forward motion, a valid recommendation would be to 
select the smallest working topography for a chosen soft material to minimise tissue 
damage, while achieving the desired motion with minimum tissue damage.  
     Strong of these successful results, Chapter 6 describes the work which was carried out 
to achieve forward motion through soft tissue by coupling a reciprocal insertion strategy 
with the concept of a multi-part probe, where at least two stationary segments are used to 
counteract the cutting force experienced by the probe tip. 
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Chapter 6 Achieving Forward Motion 
Through Soft Tissue 
 
6.1 Introduction 
Probe insertion into tissue almost always relies on force projected through from the back 
of the instrument, coupled with a precise understanding of the target location with respect 
to the tool end point. This is true whether a manual or servo assisted insertion process is 
chosen. The previous chapter investigated the forces involved in forward motion along 
the surface of a biological soft tissue (i.e., without tissue penetration). This was achieved 
via the testing of reciprocating motion of textured probe segments/strips. However, 
percutaneous intervention requires the probe to penetrate into the soft tissue. Despite the 
fact that the result obtained in Chapter 5 demonstrated the feasibility of reciprocal motion 
with two segments, cutting force was not considered. As described in section 4.2.2, the 
cutting force experienced by the tip of the probe can be reduced by dividing the probe 
into multiple segments and increasing the contact surface of stationary segments which 
grip the tissue. As a result, a multi-part probe with three or more segments is investigated 
here as a means to achieve forward motion into the tissue.  
     Specifically, in this Chapter we present in vitro results performed in an agar gel solution, 
where the insertion of a prototype four-part probe into a soft material is achieved without 
the need for an overall forward force i.e., with the sequential pulling and pushing of 
interlocked probe segments. Results of these trials demonstrate that the forward motion 
achieved via this reciprocating method is comparable to the insertion of an equivalent 
single core probe via direct push, with reduced force transferred to the tissue. A 
reciprocating insertion process could thus provide a better alternative to direct pushing by 
delivering equivalent motion performance which may reduced tissue deformation, less 
tissue damage and a reduction in target displacement. Here, thin microtextured inserts 
mounted on the probe’s outer surface are shown to affect the insertion speed and can 
thus be used to optimize the interaction forces at the probe-tissue interface. 
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      A biologically inspired structure was developed in collaboration with Rutherford 
Appleton Laboratory in the UK. Some of the work presented in this chapter has been 
published in conference article [112]. 
 
 
Figure 6.1: Structure of Chapter 6  
 
 
6.2 Forward motion via a reciprocating 
mechanism 
6.2.1 Research rationale 
The forces involved in probe insertion were already introduced in Section 4.2.2 and are 
here modified to work in the context of a four-part probe. A simplified equation 
describing successful forward motion behaviour for a four-part probe is proposed as:                                                                             
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                          (6.1) 
     Where    is the force required at the tip of a segment of the four-part probe to cut and 
displace the tissue.    is the force caused by a segment of the four-part surface sliding 
against the tissue during insertion,     is the force caused by each of the 3 segments of 
the probe surface “gripping” the tissue when attempting to remove the probe from the 
tissue.    is the force used to push a moving segment of the probe into the tissue. The 
force     required to push all segments of the four-part probe at the proximal end is 
equal 4 x (   +   ), as illustrated in Figure 6.2. 
 
 
Figure 6.2: Schematic of probe insertion by (left) direct pushing and (right) reciprocation 
motion into a soft tissue sample situated on an air friction bearing to ensure no external 
forces are presented. 
 
Previous work in Chapter 4 demonstrated that very fine anisotropic textures, such as 
backward pointing teeth protruding less than 100µm from the core of a 4.4mm diameter 
needle, affect the forces experienced in the two directions of motion (   and   ). As a 
result, this behaviour can facilitate the insertion and increasing the gripping force when 
the needle is pulled out from a biological tissue such as brain. However, the force required 
by the tip of a probe segment to move forward into the tissue (  ) was found to be up to 
an order of magnitude larger than the lateral forces measured as a result of surface contact 
between the probe segment and the tissue (   >>   ). 
     In order to replicate the reciprocating motion of ovipositing wasps, a further 
hypothesis is tested herein: a multi-part probe with three or more segments can be used to 
improve the probe's resistance to the cutting force by increasing the surface area in static 
contact with the substrate i.e., by moving one segment in turn, the remaining, stationary 
segments ensure that sufficient purchase into the tissue is achieved to enable an overall 
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forward motion of the probe. Figure 6.2 shows a diagram of this hypothesis using a four-
part probe, composed of four segments of equal size and shape. While direct probe 
insertion into a material positioned on a very low friction bearing would simply move the 
tissue forward (left), the reciprocating motion of a multi-part probe ensures that the 
overall force during extraction is magnified, thus counteracting the comparatively larger 
cutting force experienced at the probe tip (right). Even though the two-part probe is 
theoretically unfeasible, as was shown in the previous chapter, the number of segments 
(more than two) required depends on the total friction per segment against the 
summation between cutting and insertion friction force of the penetrating segment, as 
illustrated by equation 6.2 and 6.3. A microtexturing process, as described in section 4.4.2, 
enhances this phenomenon, which can then improve insertion speed. This novel motion 
mechanism could lead to instruments which can be inserted into soft biological tissue, 
with a reduced risk of buckling and reduced tissue trauma. 
 
                                                                          (6.2) 
 
                                                                                      (6.3) 
       
     On the basis of this simple hypothesis, this section describes experimental trials where 
a set of textured four-part rigid probes is shown to produce forward motion into a 
synthetic soft material of brain-like consistency. 
 
6.2.2 Biomimetics of interlocking system and 
reciprocating motion 
As shown by the reviewed literature in Chapter 2, on ovipositing wasps (section 2.4.2), the 
applicability of the wood wasps anatomy resides in its drilling mechanism, which does not 
require rotary motion or impaction. The ovipositor is made of two interlocked halves, or 
“valves,” rather like the zip on a “ziplock” polyethylene bag, which slide relative to each 
other. Backward pointing teeth hold on to the substrate, resisting pulling forces. The pull 
on one of the valves provides stabilization along the length of the ovipositor to prevent 
buckling so that the other valve can be pushed with an equal and opposite force, to 
produce a net force near zero. The reciprocating motion of the two valves drives the 
ovipositor’s penetration, as one valve is pushed deeper into the wood stabilized by grip or 
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friction generated in the other valve. Since there is no net force in the ovipositor 
assembly, there are no stability problems. The multi-part probe described next was 
inspired by the concept of the wood boring wasp from Chapter 2.  
 
6.3 Materials and methods 
6.3.1 Multi-part probe design and manufacturing 
A set of four-segment rigid probes was designed in SolidWorks 2008 and manufactured 
by rapid prototyping. The prototype was produced from DurusWhite material 
(FullCure430, Polypropylene like material, Elongation at Break of 44.2%, Modulus of 
Elasticity = 1135MPa, Objet Geometries Ltd.), with a diameter of 6.0mm, comparable to 
commercial neuroendoscopes. The length of the probe was 130mm, and ended with a 
conical tip. The proximal part is designed a base mounted with a crank-shaft structure. 
Each segment was moved either simultaneously or reciprocally by a robotic actuator. Four 
segments were dovetailed into one probe by interlocking system with the space clearance 
of 0.15mm, as displayed in Figure 6.3. Each segment was able to move either 
simultaneously or reciprocally by a robotic actuator. The rail system was lubricated by 
liquid silicone in order to reduce the internal friction. 
 
 
Figure 6.3: (Left)  CAD model of four-part probe with 3 grooves on the outer surface and 
(Right) cross-section of four-part probe (smooth surface) diameter of 6.0mm with 
clearance of 0.15mm. 
 
The interlocking system was designed in an “arrow-like” shape to maintain engagement 
and increase sliding. This design and development could be tested in direct insertion or 
via reciprocal motion into the brain tissue and soft tissue phantoms. 
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Figure 6.4: (Left) An actual bio-inspired prove prototype with 500µm fin-like teeth 
assembly (feature is too small for visual inspection) and (Right) disassembly into four-
parts.  
 
6.3.2 Biologically inspired microtextures and multi-part 
probe 
The main objective of integrating the microtextures and multi-part probe is to identify a 
particular surface topography which would allow easy insertion of a custom-built needle 
into soft tissue, while increasing the force required during extraction (i.e., producing 
anisotropic surface properties). In this way, the reciprocal sliding of one part composing 
the four-part probe would result in forward motion of the whole probe. 
 
Figure 6.5: Images of assembled four-part probes with microtextured strips: (a) 500µm 
triangular teeth, (b) 500µm fin-like teeth, (c) 50µm fin-like teeth (texture is too small for 
visual inspection), and (d) probe with plain outer surface. 
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For the probe assembly, test strips 75mm long and 0.9–1.4mm in width with high-aspect-
ratio micro-structures of SU-8 were fabricated by using UV-lithography [98] in 
collaboration with STFC at Rutherford Appleton Laboratory. 32 microtextures (4 per 
probe, 1 per segment), with features including every combination of two tooth geometries 
(triangular and fin-like) and four sizes (500µm, 250µm, 100µm and 50µm tooth height), 
were mounted onto individual probes, with a smooth four-part probe (i.e., without 
textured strips) used for reference. Four of the nine probes are shown in Figure 6.5.  
 
6.3.3 Assembly four-part probe with reciprocating 
actuator 
A suitable actuator system was developed to convert the rotary motion of four servo 
motors into the linear motion of each probe segment. For this purpose, a rack and pinion 
mechanism was used in the design of a suitable gear system. Specifically, a 14.5 degree 
full-depth involutes rack and pinion gear set with a tooth spacing of 10 teeth per inch 
(pitch = 0.10) was designed as Figure 6.6. The maximum stroke length required was 5mm; 
hence the length of the rack was 30mm. The gear and pinion were manufactured by rapid 
prototyping from VeroWhite materials (Tensile Strength 49.8 MPa, Modulus of Elasticity 
2,495 MPa and Elongation at Break 20%, Objet Geometries Ltd.). Four servo motors 
(Supertec Mega SO4/BB Servo Motor, Speed 0.25 sec, Torque 10 kg/cm) and motor-
driven controller (Pololu Serial 8-Servo Controller, PWM range 0.25-2.74 ms, resolution 
of 0.5 ms) were used to drive each probe element through a mechanism via simple serial 
communication and a script implemented in Matlab. 
 
 
Figure 6.6: (Left) CAD model of rack and pinion mechanism and (Right) actual reciprocal 
actuator. 
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Potential advantages of this system include the straight trajectory of the whole probe and 
reciprocal motion of each segment, with a maximum displacement of 8mm. Additionally, 
the actuator assembly was designed to work with the frictionless air bearing described in 
Section 5.3.2, which was used to remove the effect of external friction from the 
experiments which are described next.  
 
6.3.4 Experimental set up 
Agar gel, with a concentration of 1.0%wt., which in Section 3.4.2, was verified as having 
similar material properties to dead pig brain, was used to test for tissue traversal. The agar 
sample was placed inside a transparent box (24x54x79mm) constructed with a hole, 
allowing the probe to be partially embedded 30mm deep inside the soft tissue.  To 
eliminate bias introduced by external forces, the frictional force between the box and 
mounting plate was minimized. To this end, the linear air bearing prototype used in 
section 5.3.2 [105] was incorporated into the rig assembly (Figure 6.7). As in Section 5.3.2, 
an aerostatic bearing was used.  
     Four servo motors were used to drive each probe segment through a crank-shaft 
mechanism via simple serial communication and a script implemented in Matlab. An 
optical encoder (Agilent AEDR-8000 series reflective surface mount optical encoder) was 
mounted onto the frame (linear code strip 2.95 lines/mm, encoder resolution 0.083mm) 
to record the instantaneous position of the moving plate where the tissue box was placed. 
The air bearing-plate assembly was fixed at the end of the box opposite the entry hole 
with a force sensor (Honeywell FSS-SMT Series 1 axis Force Sensor, with operating force 
of 0-14.7N, sensitivity 12.2mV/N) to measure the force in the plane of probe insertion 
into the soft tissue. 
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Figure 6.7: Experimental rig setup including: (A) four servo motors with relative crank-
shaft mechanism, (B) corresponding electronics, (C) control laptop running Matlab 
R2009b, (D) four-part probe, (E) low-friction air bearing with optical encoder, (F) agar 
sample within transparent box, (G) force sensor in contact with box and (H) Digital 
microscope. 
 
6.3.5 Testing protocol 
Identical four-part probes with 9 distinct microtextures were tested 10 times each. In 
order to measure and compare forward motion of the sample during reciprocal motion, 
the stroke of each segment was fixed to 5mm, with a cycle time of 9 sec per segment, 
composed of approximately 4 sec of motion and 5 sec of relaxation time. By starting and 
ending at rest, with 9 sec per probe segment forward plus 9 sec for all segments backward, 
an overall cycle time of 45 sec is achieved. An average stroke speed of 1.2mm/s was 
deemed sufficient to appropriately minimize viscous and inertial effects. The experiment 
ended after 20mm of forward motion was measured by the plate-mounted encoder. 
Results from ten tests on each prototype were averaged.  
     In a further experiment, probe-tissue interaction forces between direct pushing and 
reciprocating motion were measured and compared to demonstrate how a reciprocating 
mechanism is able to minimize force during insertion. Firstly, all segments of the smooth 
multi-part probe (i.e., without textured strips) were pushed forward simultaneously by 
5mm through the sample with a speed of 1mm/s. Secondly, each segment of the smooth 
probe was sequentially pushed into the tissue with the same displacement of 5mm during 
1 sec and with a 0.33 sec pause between each strokes. 
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6.4 Results 
6.4.1 Probe motion and sample penetration 
Figure 6.8 (top) illustrates the results of an insertion experiment smooth four-part probe. 
From the displacement plot (bold line), it is clear that the sample moves away from the 
probe at every stroke, then moves back during the fifth cycle by an amount which is 
sufficient to produce a net forward motion inside the tissue. The dashed line in Figure 
6.8(top), which represents the equivalent forward insertion experienced by the probe (or 
the backward motion of the sample), demonstrates how the multi-part probe is advancing 
into the sample over time. Close inspection of the first cycle of motion as Figure 6.8 
(bottom), shows how all five stages of the reciprocal insertion process affect the 
displacement curve, with a net forward motion of 1.5mm for an overall stroke length of 
5mm. It should be noted that small discrepancies in stroke speed profile for each segment 
are due to limitations of the speed control performance of the supplied servo motor drive. 
 
Figure 6.8: (Top) Tissue displacement during the reciprocating motion of a four-part 
probe. (Bottom) Detailed view of first cycle. 
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Table 6.1 provides a summary of the averaged measured speed for each experiment 
(repeated 10 times) as a function of probe outer surface size and geometry. The velocity 
of each sample for a fixed cycle time shows that 500µm teeth can provide better grip and 
thus result in a faster insertion process when compared to 250µm teeth and this 
relationship is statistically significant (two-sample t-test, p<0.05). No differences were 
detected in surface textures smaller than 250µm (p = 0.2067).  
 
 
Figure 6.9: Tissue penetration speed vs. microtexture size and geometry. Error bars 
represent 1 standard deviation from the mean. 
 
Probe Sample Mean Speed (mm/sec) SD (mm/sec) 
Plain 0.0450 0.0025 
50T 0.0339 0.0021 
50F 0.0340 0.0019 
100T 0.0363 0.0042 
100F 0.0366 0.0079 
250T 0.0393 0.0045 
250F 0.0406 0.0057 
500T 0.0725 0.0020 
500F 0.0716 0.0049 
 
Table 6.1: Velocity of tissue traversal obtained by different microtextured size and 
geometries. 
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Additionally, differences produced by changes in the geometry of the microtextures 
(triangular vs. fin-like) are not statistically significant (p = 0.7154). Interestingly, results 
obtained with the four-part probe with a plain outer surface are comparable with those 
obtained with 250µm surface textures. This suggests that static friction between smooth 
surfaces could be exploited to improve insertion speed. 
 
6.4.2 Force transfer 
The force profile in Figure 6.10 shows the comparative results of direct and reciprocating 
insertion of the smooth probe into soft tissue. Measurement of forces acquired through 
the tissue during the probe motion show that force increases rapidly during initial probe 
insertion followed by a smaller rate. Thus, the direct pushing of the probe transmits the 
large amount of nearly 0.45N of force to the tissue. However, the soft tissue transmits 
only from 0.1N to 0.3N during reciprocating motion of the first through the fourth 
segment. The reciprocal probe imparts two thirds of the interaction force obtained from 
direct pushing. The force profile of the reciprocating motion exhibits a ladder pattern 
because the following segment penetrates into the tissue and increases the accumulating 
force superimposed on prior tissue relaxation. 
 
 
Figure 6.10: Force profile comparing one cycle of direct insertion and reciprocating 
motion smooth four-part probe into soft tissue as 5mm. 
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The forces considered here were directly measured on the sample side in order to 
investigate the tissue-probe interacting forces. Even though another source of frictional 
force is the interface between the segments of the probe when they move reciprocally 
with different relative velocity, this was ignored as it does not affect the sample in any way 
due to each segment being rigid and disregarding any lateral deflection of the probe due to 
this frictional component.  
 
6.5 Conclusions 
In Chapter 5, the biologically inspired concept of a two-part rigid probe was presented, 
which was shown to be able to traverse the surface of a variety of biological soft tissues. 
Results of these early experiments, however, also demonstrated that the magnitude of 
forces experienced during insertion prevented the probe from being able to penetrate 
tissue without an overall forward push due to the presence of a relatively large cutting 
force at the tip. In the work presented here, this shortcoming is overcome by means of a 
multi-part rigid probe, coupled with a reciprocating actuation process. Although three-
parts may be sufficient, a four-part probe was chosen to demonstrate effective tissue 
penetration. It was shown that the shape and size of the textures included on the surface 
of the probe affect the overall forward speed of insertion and that the force transmitted 
through the tissue is lower during reciprocal insertion when compared to direct push 
(Figure 6.10). On the basis of these results, it is believed that this novel approach to tool 
insertion could result in reduced tissue deformation and consequent tissue damage. The 
following chapter will center upon the development of a dynamic model of the insertion 
process to back the empirical force results presented here, and on tests which quantify the 
extent of tissue deformation and damage along the probe track during reciprocal 
insertion.  
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Chapter 7 Tissue Deformation and 
Tissue Damage 
 
7.1 Introduction 
To date, a number of researchers have explored ways to reduce tissue deformation and 
damage. Characterizing in terms of probe type and method of insertion are the first steps 
to be considered. Examples include tip shape (e.g. sharp vs. round), probe diameter (wide 
vs. thin) and insertion speed (slow vs. fast), as discussed in section 2.2.2. However, the 
new method of probe insertion based on reciprocal motion proposed in this thesis has the 
potential to affect the surrounding tissue in more complicated ways, which need to be 
investigated before it can be used in practice. In Chapter 6, effective tissue traversal by 
reciprocally moving a four-part probe through soft tissue was demonstrated. The 
advantage of such a system is that the absence of an overall push from the back could 
substantially reduce the risk of buckling in thin probes. Also, the method lends itself to 
the concept of a steerable probe, which has been discussed as an area in collaborative 
work in Appendix A.  A reciprocal insertion process, however, has the potential to 
damage the surrounding tissue in ways which would not be possible with a rigid needle 
inserted via direct push. Consequently, this chapter focuses on an analysis of tissue 
behaviour during probe insertion, and it is tackled in two ways:  
1) Measurement of tissue deformation, including reaction forces, during insertion of 
both a four-part reciprocating probe and a standard probe into a synthetic soft 
tissue specimen.  
2) Measurement of the damage caused to the gel phantoms and biological tissue 
specimen after insertion. These aspects are considered with regards to a 
comparative study between direct probe insertion and the reciprocating motion of 
the multi-part probe.  
 
Conclusions and potential even use for future work are provided in the last section.      
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Figure 7.1: Schematic structure of Chapter 7  
 
The work presented in this chapter includes the development of a novel tissue 
deformation measurement rig, based on laser technology, which was implemented in 
collaboration with the research group of Dr Frank Beyrau (laser spectroscopy for 
combustion analysis), and particularly with the help of a fellow colleague, Kerl Johannes. 
 
7.2 Study rationale 
To investigate tissue responses, tissue deformation, damage, target displacement and 
reaction force are considered by comparing results between reciprocating motion and 
direct insertion of the four-part probe. The hypothesis of this study is that the four-part 
probe can be reciprocally inserted into a compliant medium with equal or less tissue 
deformation and trauma than with direct push, as shown in Table 7.1. The needle-tissue 
interaction characteristics are broadly divided into two categories (i.e., direct pushing vs. 
reciprocating motion).  
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Figure 7.2: Diagrammatic illustration of reciprocal motion of four-part probe. It can 
achieve tissue penetration without the need for a direct push from the back. Fd: imparted 
force pushed, Fi: insertion friction force, Fc: cutting force. Fe: extraction friction force. A 
target is represented as a round ball. The sample is placed on a frictionless floor to 
eliminate all external forces acting on it. 
 
 Conventional probes Reciprocal Motion 
Problems Causes Advantages 
Target 
error 
Tissue 
deformation 
Persistent tissue 
compression 
Allows tissue to relax between 
strokes 
Target 
displacement 
Pushing tissue Pushing while gripping tissue 
High 
reaction force 
Tip size  and probe 
diameter 
Speed of insertion 
Cutting force and insertion 
friction force are divided by the 
number of probe segments 
 
Tissue 
damage 
Tissue trauma Cutting tissue Cutting tip divided by number 
of probe segments 
Blood vessel 
injury 
Shear stress Less shear stress 
 
Table 7.1: Summary table summarising how reciprocal motion of a multi-part probe could 
reduce target error and tissue damage. 
 
 
7.2.1 Reducing tissue deformation  
The insertion force acting on the needle is the sum of the cutting force, the friction force, 
which in turn are affected by the stiffness of the substrate [61]. A smaller cutting force 
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facilitates the needle to penetrate through the tissue and reach a target. This can be 
achieved with, for instance, a sharper probe tip. By dividing the probe in four segments, 
the corresponding to tip dimension has a quarter of the surface contact of the full probe. 
Thus, each probe segment provides less cutting force and friction force respectively, 
which should result in less tissue deformation. Moreover, the reciprocal motion, which 
allows each segment to move alternatively, can provide the lapse time for tissue relaxation 
as illustrated in Table 7.1. Therefore, we assume that the four-part geometry of the probe 
and mechanism of reciprocal motion can result in less tissue deformation and target 
displacement.  
 
7.2.2 Minimal tissue damage 
Previous results (section 6.4.2) demonstrated that reciprocal motion causes a smaller 
reaction force on the sample when compared to direct probe insertion. It is believed that 
this is due to the fact that the three stationary segments grip the surrounding tissue while 
the fourth segment is inserted further. In doing so, a reciprocal insertion strategy has the 
potential to cause less strain on the surrounding tissue, as each insertion stroke is 
supported by three stationary segments. Consequently, we hypothesise that this novel 
approach to probe insertion could result in reduced tissue damage. 
     Since a clear soft tissue sample is preferable when tissue deformation, target 
displacement and tissue damage are being investigated, the following studies were 
performed on 6%wt. gelatine sample, instead of agar gel. Chapter 3 demonstrated that, 
although marginally, this gelatine solution can be considered to be an appropriate 
surrogate for brain tissue, especially if used in the context of a comparative study where to 
insertion methods are analysed. 
 
7.2.3 Soft tissue deformation study 
A number of researchers have studied the tissue-probe interaction by using biological 
tissue and gel phantoms embedded with fiducial markers coupled with different 
visualization techniques [40, 41, 68]. This was fully discussed in section 2.2.3.1. The 
problem with these techniques is that the displacement of tracer markers might not 
correspond to a real representation of tissue deformation. Moreover, none of them has 
investigated deformation at the micro-scale. Many of them (e.g. [62, 42, 68]) therefore 
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introduced finite element modelling methods to model tissue deformation during needle 
insertion in order to get better accuracy in the measurement of tissue responses. 
     In contrast, this section introduces a novel application of laser spectroscopy for tissue 
deformation studies by using a Pulse Image Velocimetry (PIV) technique to explore the 
tissue displacement during probe insertion. The comparative study of tissue deformation 
results from direct insertion and reciprocal motion is also discussed. 
 
7.2.4 Principles of Pulse Image Velocimetry (PIV) particle 
tracking method 
      PIV is an optical measurement method which provides measurement of the 
displacement and velocity of embedded particles inside a transparent medium in a cross-
sectional plane  [113]. The target area is examined by measuring the movement of the 
embedded particle flow between two light pulses. A laser beam produced from Nd:Yag 
laser (Neodymium Yttrium Aluminum Garnet) beam shaped with a cylindrical lens in 
order to form a planar light sheet of light. The particles are illuminated in the focus area 
with a light sheet as demonstrated in Figure 7.3. A digital camera enables to capture the 
image in 2D of the target area of each light pulse in separated image frames. The precise 
synchronization of the laser firings and the frame advancing is provided by a controller. 
After two consecutive image frames are depicted from two light pulses, each frame is 
divided into several subsections called “interrogation areas”. The interrogation area from 
two frames between   and       is correlated pixel by pixel. The particle displacement 
can be identified as   , with respect to the time interval    by interpolating each pixel, 
then the displacement and velocity are also obtained as shown in Figure 7.4. The 
displacement vectors of the whole target area are achieved by interpolating each 
interrogation area between two image frames. This process is called “cross-correlation”. 
Cross correlation is the most widely used to estimate the micro-scale displacement by 
correlating all pixels in the first frame with all pixels in the second one at two different 
times. Figure 7.4 shows an example of an interrogated area with both frames 
superimposed on each other. Then the majorities of the micro-particles have both images 
recorded within the same area and all particles image displacements are identical within 
the area displacement. The displacement vector map can be displayed regarding to each 
vector represents the centre of each cell.        
      The main reasons to use PIV are that the laser power does not affect the properties of 
the gel samples (i.e., temperature) and it can measure the displacement of micro-particles 
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in any plane inside the transparent gel. In addition, an instantaneous figure of velocity 
vector in a cross-section of the laser plane can be obtained.  
 
 
Figure 7.3: Illustration of the principle of Pulse Image Velocimetry (PIV) and the 
components of experimental rig set up. 
     
The aim of the cross correlation analysis is to find the average distance of a cluster of 
micro-particles moving during the time interval. The relation between particle 
displacement (  ) and velocities (  ) is simply [114]: 
 
                                                       (7.1) 
 
where    is the 2D position vector in the image plane, 
   is an optical magnification factor of objects in the object plane, 
   is the time between pulses, and 
   is the vector velocity of the particle labelled  . 
 
Figure 7.4: The cross correlation method: double frame/single exposure PIV provides 
image pairs of single exposed particle image recordings. The cross correlation between 
two interrogation windows of the subsequence image recordings are calculated. [117]. 
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The cross correlation function can be computed two dimensional correlations by using 
FFT algorithm (Fast Fourier Transforms) 
 
                                     (7.2) 
 
                                                         (7.3) 
 
where   is displacement,  and   are the Fourier transforms of   and   respectively. 
     Figure 7.4 shows illuminations    and   , which are correlated in equation 7.2 for each 
interrogation area by using a 2D FFT to obtain the displacement vector. The maximal 
value in the correlation plane is obtained and used as an estimation particle group 
displacement. The amplitude of the displacement vector into the plane of the light sheet is 
calculated taking into account the time delay between the two illuminations, flow velocity 
and the magnification factor of the image as given by equation 7.1. This process is 
repeated for each interrogation region to build up the complete 2D displacement vector 
map. 
       In this approach, the displacement of the vector field is not obtained from tracking 
individual particles for each image. Instead, the average motion of clusters of particles 
contained within the interrogation areas is determined via the cross correlation algorithms. 
Hence, the overall frame is divided into many interrogation areas computed sequentially 
as a correlation function between consecutives images to provide one displacement vector 
per area. The process is repeated for each interrogation area to integrate the final 2D 
vector map. 
 
7.3 Methodology 
This study involved probe manufacturing in a transparent material in order to reduce light 
scatter, sample preparation with gelatine phantoms and the development of 3 scenarios 
for testing, as details below. 
 
7.3.1 Probe manufacturing 
A set of four-segment rigid probes was rapid prototyped from semi-transparent material 
(FullCure720, Tensile Strength: 60.3 MPa, Modulus of Elasticity 2,870 MPa, Elongation at 
Break 20%, Objet Geometries Ltd.). A probe has an overall diameter of 6.0mm. The 
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length of the probe is 130mm and each segment is provided with an interlocking rail. The 
rigid probe ends with a conical tip. This probe prototype was modelled similarly to those 
in section 6.3.1 except for the semi-transparent material and the smooth surface. Each 
segment moved either simultaneously or reciprocally by a second version of robotic 
actuator connected to a mechanical transmission link which can provide a linear 
displacement which is accurate to 0.01mm. 
 
7.3.2 Sample preparation 
     A 6.0%wt. gelatine solution was selected to be used in this experiment because it can 
replicate the range of stiffness as human brain (discussed in Section 3.3.3). Additionally, 
the transparency of gelatine is of particular benefit to the studies in this chapter. In 
comparison, agar samples do not provide the same level of optical clarity.  The 6 grams of 
gelatine powder were mixed with 100cc of hot water (100ºC) and stirred until the solution 
became clear. Then, the liquid gelatine was embedded with 0.10 grams by weight of 
aluminum oxide particles (average diameter of 5µm) and stirred to obtain a homogeneous 
solution. 
     The mixture was poured into a transparent polyacrylic box with size of 
28.5x61.8x86.2mm including two open sides. The front wall was designed with a big 
aperture (12x30mm) to allow the probe to pass through to the sample. The opposite 
opened wall allowed filling and removing the gelatine mixture. Moreover, this side was 
opened towards the laser beam in order to reduce light sheet distortion. The box has 
2mm-thick transparent walls thus providing optical access for image recording on the 
micro-particle displacements by means of high-resolution camera. The solution was left at 
room temperature (25ºC) for 1 hour, which is the time required to the sample to solidify. 
The mixture was then kept inside a 4ºC refrigerator for 12 hours and left at room 
temperature again for 2 hours before performing the experiment.  
     The example arrangement is outlined in Figure 7.5. The 0.10 grams of aluminum oxide 
particles in 100cc liquid gelatine are used in order to allow the light scatter to be detected 
by the CCD camera. The aluminum oxide particles flow together with the surrounding 
soft tissue, so that tracing the particle motion corresponds to tracing the tissue 
displacement. The particle concentration poured during sample preparation is such that it 
is possible to identify individual particle clusters in an image (i.e., the particles are 
distributed homogeneously in the soft tissue). The motion of these embedded particles is 
used to calculate either the displacement or velocity information of the gelatine 
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surrounding the probe during insertion. The embedded particles must be able to blend 
with the 6.0%wt. gelatine solution. The right concentration was verified by trial and error 
on multiple mixtures between gelatine and micro-particles.  
 
7.3.3 Rig set up 
Four DC motors with embedded encoders (Maxon Amax22, Model # 300679, 4.4 gear 
ratio, Maxon Motors Inc.) and a motor-driving controller by CompactRio (LabView v8.6, 
National Instruments Inc.) were used to drive each probe element through a linear 
bearing mechanism via mechanical transmission links (diameter 1.26mm). A probe trocar 
(Figure 7.5D) was mounted onto the frame attached to the actuator to properly align the 
probe with the aperture on the gelatine box. A wheel bearing assembly was placed 
between the box and the frame in order to minimize the external friction force. A force 
sensor (Honeywell FSS-SMT Series 1 axis Force Sensor, with operating force of 0-14.7N, 
sensitivity 12.2mV/N) was attached to the opposite part of the frame to measure the 
reaction force in the plane of probe insertion into the soft tissue. Force was measured on 
the acrylic box at the point where the probe pushes into the gelatine sample horizontally 
against the force sensor, as depicted in Figure 7.6. 
 
 
Figure 7.5: The complete experimental set up: (A) Nd-YAG laser source, (B) optical lens 
and mirrors, (C) tissue sample inside a clear plastic box, (D) four-part straight probe 
passing through a trocar, (E) reciprocal actuator and (F) high resolution CCD camera. 
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Figure 7.6: (Left) Close up figure of laser light sheet shown through the gelatine sample 
while the four-part probe is moving. The green light scattering from micro-particles is 
clearly visualized and focused at the target area of 27.58x39.42mm (dashed square). 
(Right) The axial view of four-part probe orientation. 
 
A high power dual pulsed Nd:YAG laser (532 nm) generated green light to produce a thin 
light sheet 100µm in thickness and 30mm in height. The field of view of the PIV 
measurements was designed to cover a target area of light sheet of approximately 
27.58x39.42mm at the centre of the samples (Figure 7.6) 
The experiments were divided into 2 scenarios:  
• Direct pushing (insertion: DP); the whole four-part probe was inserted from the 
surface into the samples at the speed of 1mm/s, with probe displacement of 
approximately 70mm. The CCD camera recorded the image at 30 fps synchronized 
with the pulse laser beam (10Hz). 
• Reciprocating motion (RM); each segment of the four-part probe was displaced 
reciprocally towards the sample with the speed of 4mm/s to produce an overall 
insertion speed of 1mm/s. Each stroke length is 5mm without any stopping interval 
between movements.  
Additionally, the slower speed of 1mm/sec for each reciprocating stroke (i.e., 0.25mm/s 
overall speed) was set as reference (same segment velocity as direct pushing velocity) 
to compare results. 
  
     The pattern of cyclic motion was set to “1-3-2-4” i.e., segment 1, then segment 3, then 
segment 2, etc., as illustrated in Figure 7.6 (right). This probe orientation was set in order 
to optimize the planar tissue displacement along the laser sheet during the motion of the 
1st and 3rd segments. During the reciprocal motion experiments, segments speeds of 1 and 
4mm/s were tested in order to investigate any differences due to the rate dependence of 
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tissue. Podder et al. [115] conducted needle insertion into PVC phantoms with different 
insertion velocities, which showed that both the axial force and the target movement 
increased with increasing insertion speed (5, 10, 50 and 200mm/s). These results reveal 
that a reduction of tissue deformation in soft materials could be achieved by decreasing 
the insertion speed. Additionally, these values, which vary between 0.4-10mm per second, 
are in the range of needle insertion rates which are suitable for clinical practice [116]. 
Three iterations of each scenario were performed experimentally with fresh samples by 
measuring the tissue deformation and reaction force at the same time. 
 
7.3.4 Analysis of particle tacking 
This process can be automated with the use of cross correlation algorithms that identify 
particles and their displacement, from which one can estimate the local flow vectors. 
Image acquisition from a single CCD camera are processed by LaVision software 
(LaVision Inc.) and imported into Matlab R2009b to compute a numerical data of the 2D 
displacement fields of the planar tissue region. Image size of 1004x1435 pixels was used 
to capture a field area of about 27.58x39.42mm resulting in calibration factor of 36.4 
pixels/mm. The interrogation areas of 16x16 pixels were used for cross correlation 
analysis which maximizes a coherent of consecutive regions across the entire image, the 
displacement profile can be obtained. Frames were sampled at 30 fps and processed at the 
same rate by a tracking algorithm. Image examples of tracking area at centre of the sample 
were recorded during the probes touching the sample surface as entry point and 
displacing approximately 70mm into the gelatine as final point. Therefore, the tip of the 
probe could not be seen at the first frame during puncturing the gel surface and the last 
frame after 70mm of probe displacement because the whole probe passed through the 
target area (Figure 7.7). The embedded particles are traced in terms of a pattern by 
measuring the average displacement of local group of interrogation windows. The local 
displacement vector for the images of the consecutive images is determined for each 
interrogation area but means of cross correlation in 2D vector map. The highest value in 
the correlation plane can be used as a direct estimate of particle image displacement.  
Then the displacement of local tracer of each particle may be different from the mean 
displacement of interrogation area composed of 10-15 particles. 
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Figure 7.7: Boundary image of the target area (27.58x39.42mm) of micro-particles tracked 
during the probe motion. 
      
The analysis of the particles displacements is a key element of PIV techniques as many 
methods have been studied. However in this experiment, the gel sample was embedded 
with a high concentration of the micro-particles. Hence it is reliable to measure the 
average displacement of clusters of micro-particles between the two illuminations rather 
than tracking individual micro-particle.  The cross correlation method is processed by the 
double frame/single exposure PIV. This means a single digital camera is exposed to two 
light pulses in sequence to capture subsequent images, as shown in Figure 7.4.  Then, FFT 
algorithm is introduced to compute the numerical data for the cross correlation function. 
 
7.4 Results  
The results are obtained from the investigation of the dynamic tissue deformation during 
probe insertion into the gelatine samples by using PIV technique. The experiments were 
divided into those with direct probe insertion and those with reciprocating motion. 
During the insertion of the probe, the flow of micro-particles moved along the shaft and 
the tip of the probe, corresponding to the direction of probe insertion. The probe was 
inserted through the aperture of the sample box towards the opposite wall left open in 
order to investigate the effect of tissue deformation along the X and Y direction of the 
probe trajectory. 
 
7.4.1 Deformation measurement 
An example plot of the deformation is shown in Figure 7.8. Here the vectors represent 
the displacement of the clusters of micro-particles since the needle touching the sample 
and penetrating through it within 70sec. Every vector represents the tissue motion 
displayed for clarity and the shape of the needle is masked in. The 30 points of tracer 
particles lying along the probe trajectory at upper and lower area as 5x6 grids are shown in 
Figure 7.8. Each grid interval has dimension of 6.59x3.07mm. 
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Figure 7.8: (Left) An image based tracking matrix (5x6) of micro-particles lying along the 
probe shaft are analysed to study tissue displacement respect to the axial needle motion 
inside the box (62x86mm). The probe position was inserted through the aperture of the 
box on the left toward the opposite wall on the right with respect to the dimension (mm) 
of the sample box. (Right) The vector displacement map. 
       
Figure 7.8 shows the displacement vector field of the group of micro-particles in the 
gelatine sample including the four-part probe during an insertion experiment. There are 
90x63 matrixes of the vectors contained in this image. Each vector represents the integral 
displacement of 10-15 particles in interrogation windows. A matrix with dimensions of 
5x6 samples is defined to measure the tissue interaction along the probe surface and to 
capture representative points of the sample during the probe motion. Then, these vector 
maps were imported into Matlab R2009b, and then a graph of scalar displacements in the 
axial (X) and radial (Y) directions of the 5x6 matrix were obtained.  
      As seen in Figure 7.8 (right), it is obvious that the deformation of gelatine sample 
pushed away from the needle in radial direction due to the needle volume and axial 
direction due to the probe trajectory. The large displacements can be seen on the areas 
surrounding the probe from the vicinity toward the tip and the small displacements occur 
while further away from the probe. The deformation is attenuated due to the elasticity of 
the gelatine sample. In Figure 7.8, the amplitude of each displacement vector is difficult to 
distinguish due to a few millimetres compared with 70mm of probe displacement. 
Moreover, each displacement vector is a cumulative result obtained from the first and the 
last image frame without detail information.  Therefore, each of displacement profile is 
separately demonstrated in axial (X) and radial (Y) direction during direct insertion and 
reciprocal motion.  
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7.4.1.1 Axial displacement   
When the probe was entering into the soft tissue, it caused tissue deformation and 
subsequently cut through the tissue. Empirically, there is shear strain and stress occurred 
along the surface and tip of the probe. In this analysis, the vector displacement is only 
considered by identifying the position of a group of micro-particles respect to time. In 
spite of the whole tissue deformation, a selection of camera view at centre of the sample 
box represents the surrounding tissue contacted with the probe surface to be investigated. 
Thanks to instantaneous tracking, the PIV method was able to study the dynamic 
interaction between gelatine and the moving probe.  
     The vector map of 5x6 matrix were computed the integral displacement of vector scale 
along X direction corresponding to the axial insertion of the four-part probe. Figure 7.9 is 
a graphical result of the relationship between the displacements of micro-particles focused 
in horizontal (axial) direction versus time. All of interested groups of particles linearly 
moved corresponding to the probe moving from the surface to its end position 
approximately 70mm by direct insertion of the four-part probe. The 5 interrogation spots 
were selected along the upper and lower contact surfaces of probe segment 1 and 3 
(Figure 7.6 right) in order to investigate the probe-tissue interface. It should be noted that 
the probe was set to be inserted into the gelatine box below the centre of the box by 
approximately 6mm. Besides, the camera view captured images of the central area of the 
gelatine box while the probe moved from the gelatine surface into the sample until a 
depth of 70mm.        
 
Figure 7.9: Amplitude plot of the displacement vectors obtained from the groups of 
micro-particles in X direction (5x6 grids) along the shaft and tip of the probe during 
direct pushing of the whole probe with speed of 1mm/s (one of three results). 
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In Figure 7.9, there is noticed that during direct probe insertion, the displacement profiles 
of micro-particles attenuated from the nearly close region of the probe shaft to the 
adjacent area of the box due to the effect of the friction/adhesion between the gel at the 
top and bottom sides of the box corresponding to the shear strain distribution. 
 
Figure 7.10: The axial displacement (X) at five axial locations along the probe’s path at a 
radial distance of 0.5mm of the probe surface.      
Focusing on the five displacement locations of micro-particles at 0.5mm far from probe’s 
surface, the displacement profile are plotted on the same graph respect to time (Figure 
7.10). 
     The five axial locations of the displacement vector next to the probe’s surface at 25.1, 
31.7, 38.3, 44.9 and 51.5mm are plotted in the same graphical axis. The graphical profiles 
exhibit in similar behaviours; the curves start with a linear increase in displacement to 
reach the peak, turn to a plateau, remain constant until the probe stops motion after 70sec 
and return to a certain level. But there are minimal slope with maximal peak of 
displacement at the greater distance of micro-particle location. Moreover, the 
displacement doesn’t return to its initial position depends on the amplitude of peak 
displacement. The largest displacement can be seen in the location further away from the 
probe tip because of the tissue deformation is attenuated due to the interaction between 
the movement of probe and the elasticity of the tissue. These characteristics can provide 
evidence that the shorter the cutting distance, the longer the deformation duration and the 
larger the residual tissue displacement, which occurs at the far position. 
      Figure 7.11 shows the displacement profile of vector field resulting from reciprocating 
motion of the four-part probe. This displacement profiles are nearly similar to those 
results from direct pushing, but there is a reciprocal wave overriding on the displacement 
profile, particularly during plateau phase. The amplitude of displacement patterns also 
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increase from the location of probe-entry zone throughout the exit zone i.e., the soft 
tissue was more displaced at further away from the origin of needle touch. Again, the five 
axial locations along the probe surface by 0.5mm distance are plotted in Figure 7.12 
 
Figure 7.11: Amplitude plot of the displacement vectors obtained from the groups of 
micro-particles in X direction (5x6 grids) along the shaft and tip of the probe during 
reciprocating motion with a segment velocity of 4mm/s (one of three results). 
 
 
Figure 7.12: The axial displacement (X) at five axial locations along the probe’s path at a 
radial distance of 0.5mm of the probe surface during reciprocal motion with a segment 
velocity of 4mm/s (one of three results). 
 
The displacement profile of micro-particle located as close as the probe surface is larger 
than those of the positions further away from the probe shaft due to the shear strain 
distribution along the radial direction of the probe. Moreover, Figure 7.9 and Figure 7.11 
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display similar patterns by  showing a strong difference in the displacement profile of the 
5x6 grids between the positions at the aperture side and open end side (i.e., the box has an 
opening hole at left side and opening wall in an opposite side). The further away particles 
along the probe trajectory show more deformation phase and less cutting phase. As a 
result, the strain attenuation of tissue displacement in axial direction is a greater 
displacement at the opposite side of the probe entry because the whole tissue is being 
squashed forward. Comparing five curves at five positions of 0.5mm corresponds to the 
measurement curve in Figure 7.12, it can be seen that in the deformation phase, the 
displacement near the entry zone increases with a larger slope than the ones further away.  
 
 
Figure 7.13: Displacement profile of two opposite positions across the probe during 
reciprocation motion of four-part probe. The upper group of particles is pushed (Upper 
38.3mm) while the lower one is stationary (Lower 38.3mm). 
     
To explore the reciprocal oscillation on the plateau of displacement profile as shown in 
Figure 7.13, there is alternate phase of vector motion between upper and lower location at 
the corresponding regions along the shaft of the probe. It means the tissue at upper part 
is moving (upper 38.3mm) while the lower part is stationary (lower 38.3mm) respect to 
the reciprocal motion of the four-part probe as demonstrated in a couple of curves. The 
pattern of oscillating wave is observed significantly on top of cutting phase (the plateau) 
rather than deformation and relaxation phases. 
 
      When the speed of reciprocal motion for each segment was decreased to 1mm/s (i.e., 
slower than 4 times), peak displacements also decreased (Figure 7.14). 
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Figure 7.14: Amplitude plot of the displacement vectors obtained from the groups of 
micro-particles in X direction (5x6 grids) along the shaft and tip of the probe during 
reciprocating motion with a segment velocity of 1mm/s (one of three results).      
 
 
Figure 7.15: Three phases of the displacement profile of displacement vectors in X 
direction and a fitting graph of displacement profile on reciprocating motion (Vs: 
4mm/s). 
 
An example of displacement profile of the vector field on the grid [5, 3] (Figure 7.16) 
obtained from direct pushing and reciprocal motion of the two speeds of the four-part 
probe is demonstrated in Figure 7.15. The common characteristics of tissue displacement 
are considered in 3 phases:  
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1) Deformation phase: there is a linear increasing of the vector displacement 
corresponding to the probe motion.  
2) Cutting phase: the motion pattern of vector displacement suddenly decreases the 
slope and turns to plateau phase. It means the soft tissue stops moving while the 
probe is advancing through the tissue.  
3) Relaxation phase: the displacement vector reversely moves back due to the probe 
stops motion and allows time for tissue relaxation.  
 
The features of two graphs obtained from direct insertion and reciprocal motion of four-
part probe have the same characteristics of 3 phases (deformation, cutting and relaxation) 
at the same corresponding location. However, it is remarkably noticed that the average of 
displacement profile of X direction during cutting phase derived from reciprocal motion 
is lower than that from direction insertion. Additionally, the peak displacement of tissue 
during reciprocal motion is still within the upper range of result obtained from direction 
insertion. 
     These results provide sufficient information for displacement pattern and in turn tissue 
deformation to be determined.  The characteristics of displacement profile obtained from 
reciprocating motion with speed of 1mm/s in Figure 7.15 can still be divided into the 
three phases mentioned before. Comparing each phase of the displacement profile 
between speed of 1 and 4mm/s, the slower segment motion causes a reduced amplitude 
of displacement as well as a lower reaction force which will be explained in the next 
section. 
      Figure 7.16 shows the displacement profile results from the 3 sets of each experiment 
on direct pushing (Vp: 1mm/s) and reciprocation motion (Vs: 4mm/s), which are plotted 
in the same graph.  There are only three series of each experiment because of time 
limitations due to the laser power constraint. Despite of the fact that the displacement 
profiles of each scenario even shows the evidence of repeatability, where pattern of 
displacement are almost similar especially during the deformation phase. In the cutting 
phase, the displacement profile of vector fields resulting from reciprocating motion have a 
different configuration compared with those obtained from direct insertion. 
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Figure 7.16: The graph represents the relationship between the X displacements versus 
time of 3 series of direct pushing (DP, Vp: 1mm/s), reciprocal motion (RM, Vs: 4mm/s 
with overall probe motion of 1mm/s). Grid [5, 3] demonstrates the maximum 
displacement amplitude. 
 
7.4.1.2 Radial displacement  
The displacement profiles of radial (Y) direction from 5x6 grids are demonstrated in 
Figure 7.17. As expected, when the probe penetrates through the tissue, the volume of the 
probe replaces the volume of the gel sample. The Y displacement of vector field is not 
significantly different between inward and outward regions. But the regions close to the 
probe surface are more displaced than the further away positions. This can be explained 
by the elasticity of the tissue, which gets compressed near the probe shaft and pushed 
further than at positions further away from the probe. However, there is also a slight 
reduction in Y displacement by reciprocating motion compared with direct pushing of the 
probe (Figure 7.18 vs. Figure 7.19). No relaxation phase of displacement profile in Y 
direction was observed because the elastic compression forces in the Y direction are 
balanced. Moreover, the oscillation pattern resulting from reciprocation motion in Y 
direction is less than X direction as the trajectory of each segment is in the X axis rather 
than the Y axis.  
 
 
Chapter 7                                                   Tissue Deformation and Damage 
159 
 
 
Figure 7.17: The graph represents the relationship between the Y displacements versus 
time of 3 series of direct pushing (DP, Vp: 1mm/s) and reciprocal motion (RM, Vs: 
4mm/s). 
    
The tissue displacement in Y direction derived from direction insertion of the probe is an 
effect of the volume of probe replacing the sample tissue. Therefore, the displacement 
profiles of the five locations along the probe surface are similar feature but they are 
different in time consequence as seen in dash lines of Figure 7.18.  
 
Figure 7.18: The radial displacement (Y) at five axial locations along the probe’s path at a 
radial distance of 0.5mm of the probe surface during direct insertion (Vp: 1mm/s).  
 
In addition, the Y displacement profile obtained from reciprocal motion with speed of 
4mm/s is illustrated in Figure 7.19. The reciprocal motion of four part probe also 
transfers the oscillating attenuation to the surrounding tissue in radial direction lesser than 
axial direction. 
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Figure 7.19: The radial displacement (Y) at five axial locations along the probe’s path at a 
radial distance of 0.5mm of the probe surface during reciprocal motion (Vs: 4mm/s). 
 
Insertion methods 
Peak 
displacement 
(mm) 
Relaxation 
displacement 
(mm) 
Average 
displacement 
(mm) 
SD  
(±1) 
Direct pushing 
(Vp:1 mm/s) 
3.68 1.78 3.63 0.25 
Reciprocating 
motion (Vs:4 mm/s) 
3.53 1.65 2.92 0.14 
Reciprocating 
motion (Vs:1 mm/s) 
2.96 2.29 2.24 0.17 
 
Table 7.2: Numerical data of the peak and relaxation displacement in X direction 
including the average displacement of plateau phase at grid [5, 3] obtained from direct 
pushing (Vp:  1mm/s) and reciprocating motion (Vs: 4 and 1mm/s). 
  
Three sets of data obtained from the same scenario were averaged and demonstrated in 
Table 7.2. The numerical data was derived from the same interrogation area in the 
displacement of X direction at grid [5, 3], because it is located at the far end region of the 
interesting view and close to the probe surface by providing the largest amount of 
displacement amplitude (as Figure 7.16). However, the peak and relaxation displacement 
of the soft tissue during direct pushing (Vp: 1mm/s) and reciprocation motion (Vs: 
4mm/s) are not significantly different values compared with slower reciprocal motion 
with speed of 1mm/s. The characteristics of the displacement profile at the plateau phase 
between the direct insertion and reciprocal motion of four-part probe are able to compare 
indirectly by using the fitting graph function to calculate the average numbers. According 
to the same time interval of probe motion into the sample between 2 scenarios, the 
average displacements of those are significantly different. Hence, the reciprocal motion of 
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the four-part probe is able to provide a slightly lower tissue displacement at the same 
overall speed of direct insertion (2.92mm vs. 3.63mm).     
     The displacement profiles are fairly repeatable through each insertion of direct pushing 
and reciprocal motion of the four-part probe indicating that there is low inconsistence in 
conducting experiments, and preparing samples. The strain distribution on the 
displacement vector fields in X direction was computed using a Matlab function (colour 
plot) during the probe displacing approximately 30mm into sample (Figure 7.20). In order 
to demonstrate clearly the strain distribution surrounding the probe, the zero vectors 
corresponding to the probe region were imported on the colour map of displacement 
profile for direct pushing (left) and reciprocating motion (right). The total probe 
displacement of 5mm for direct pushing is equivalent to one cycle of reciprocating motion 
of all four-segments with speed of 4mm/s. The degree of strain distribution at the tip area 
of the probe in the case of direct pushing is not significantly different compared with that 
of the reciprocating motion. This result supports the previous graphical data of the 
displacement profile on 5x6 grids (Figure 7.9:  vs. Figure 7.11). 
 
 
Figure 7.20: Colour map of strain distribution of displacement profile in X direction along 
the shaft and tip of the probe compared between (left) direct pushing and (right) 
reciprocating motion. 
 
Considering a cycle of reciprocating motion by the four-part probe as discussed in 
methodology part; the segment 1st moved first,  followed by 3rd, 2nd and 4th corresponding 
to Figure 7.21 a, b, c and d respectively. The strain distribution displayed in colour map 
(i.e., red colour) along the moving segment is larger than the across segment when it is 
stationary. Similarly, the interesting regions across the probe show the displacement 
profile in vector image by this behaviour (Figure 7.13). This result implies that the 
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reciprocation mechanism of the multi-part probe can provide tissue displacement and 
stationary corresponding to the characteristics of segment motion and motionless. The 
hypothesis for reciprocal motion of multi-part probes is that it may reduce the tissue 
deformation compared to direct insertion.  However in these results as Figure 7.20 
indicate that the degree of net strain distribution between direct and reciprocal insertion 
over its cycle is fairly similar.  
 
Figure 7.21: Transitional images of strain distribution on the compliant media when the 
probe is moved one cycle by reciprocating motion. Upper (a) and lower (b) segments of 
the four-part probe moving in the plane of the laser sheet. While two segments (c, d) of 
the probe moving out of the plane of the laser sheet. 
.  
7.4.2 Results of force measurement 
For the probe insertion into the soft tissue, it is necessary to demonstrate the relationship 
between the tissue deformation and the interaction force within the tissue. Direct 
measurement of probe forces during single probe insertion by force sensor is a common 
technique. A methodology for measuring the force required to push a probe penetrating 
through the soft tissue is generally achieved by measuring the force acting at the proximal 
part of the probe. The frictional force information that occurs along the probe shaft and 
tip during insertion is not directly measurable. In fact the forces distributed along the 
entire probe length resulting from the probe-tissue interaction, such as cutting force, 
friction force, and forces related to tissue deformation and fracture [117].  However, it is 
complicated to measure the force obtained from the alternating motion of the four-
segment probe. Therefore, an indirect force measurement (i.e., behind the sample) was 
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employed simultaneously with the laser spectroscopy. In general, during the probe 
insertion, the force is measured at the back of the sample box, where the force sensor is 
positioned to measure a resistant force [77], which has the same magnitude but reverse 
direction of the force acting on the probe. To maintain simplicity, only a simple force 
sensor was applied (Honeywell FSS-SMT Series 1 axis Force Sensor, with error 1% and 
1000Hz sampling rate). This approach provides a method for force measurement during 
both the direct insertion and the reciprocal motion of the multi-part probe as shown in 
Figure 7.3 and Figure 7.6.   
 
Figure 7.22: Comparison of displacement profiles in axial direction (x = 51.5 mm, y = 
0.5 mm) and force profiles between direction pushing (Vp: 1mm/s) and reciprocating 
motion (Vs: 4mm/s). 
           
A comparison of the axial displacement at the points furthest from the origin of needle 
touch with the force sensor measurements is shown in Figure 7.22, which illustrates a 
force profile corresponding to a displacement profile of a sample point. Both graphs 
increase in the amplitude respect to time and show the same relaxation behaviour. 
However the force sensor does not detect force at the beginning of the probe touching 
the tissue due to elastic deformation of the tissue before transferring energy further to the 
sample box and force sensor respectively. After 10sec, the force profile increases steadily 
up to the maximal point where the probe reaches the end position then the force relaxes 
through a certain level. In fact this measurement detects an overall force acting on the 
whole sample rather than one at a specific sample location as optical measurement. 
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     The force versus time of probe displacement in the gelatine sample is plotted in Figure 
7.23. Each plot line represents one of the 3 types of probe insertion methods. Each data 
set is based on a single insertion on a fresh sample. The first line represents the direct 
probe insertion at a probe velocity of 1mm/s for a probe displacement of 70mm. The 
other two represent the same probe performing reciprocal motion at a 4 and 1mm/s 
respectively. At a depth of 70mm, the maximal resistant force, (reaction force) of direct 
insertion was 0.69N compared with 0.56N for segment velocities of the 4mm/s and 
0.35N of 1mm/s during reciprocating motion. In general for both types of insertion, 
greater insertion depths correlate to higher resistant force. Conversely, slower speeds of 
reciprocal motion correlate to reduced reaction force. Furthermore, reducing probe 
velocity of direct insertion also results in decrease in insertion force [118, 119]. Even 
though, as slow probe velocity as 0.25mm/s of direct insertion equivalent to 1mm/s of 
reciprocating motion was not conducted. Therefore, the reciprocal method of probe 
insertion has the benefit of reducing resistant force (and thus reaction force) over a direct 
insertion at the same speed of motion (i.e., probe velocity of 1mm/s) in deep region of 
the soft tissue. It’s clear that the force profile of the reciprocating motion exhibits a ladder 
pattern because the moving segment penetrates into the tissue and increases the 
accumulating force superimposed by prior tissue relaxing. 
 
Figure 7.23: Force profile compared between direct insertion and reciprocating motion at 
70mm displacement of the smooth four-part probe. 
 
The results of force measurements are reported in Table 7.3. It shows the comparative 
results of average interaction forces acquired through the tissue during the probe motion 
by direct and reciprocating insertion of the smooth probe into soft tissue. Thus, the direct 
pushing of the probe transfers a larger amount of force to the tissue (0.72N). On the 
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other hand, the soft tissue receives the forces only 0.37N and 0.56N during reciprocating 
motion corresponding to the speed of 1mm/s and 4mm/s respectively. 
     The insertion speed of the probe into the compliant media consists of the cutting 
speed of the probe tip penetrating through the tissue and the strain rate of the tissue 
deformation. In section 2.3.2, the sum value between cutting force and friction force is 
equal to the force applied on the probe during penetrating inside the soft tissue (post-
puncture phase). However the speed of probe insertion affects only the dynamic friction 
force resulting in strain rate of tissue deformation but the cutting force is constant as a 
rate independent value. Moreover, most of biological soft tissues and gel materials have 
viscous property which is a strain rate dependent characteristic.  This evidence shows that 
the slow velocity of probe insertion into both real tissues and gel materials facilitates the 
reduction of force attempt or pushing force as well as interaction force transmitted to the 
tissue according to the impressive result obtained from lower speed of the reciprocating 
motion of four-part probe. 
 
 
Insertion method 
Peak Force 
(N) 
Average 
(N) 
SD 
( ±1) 
Work 
(mJ) 
1 2 3    
Direct pushing (Vp: 1mm/s) 0.69 0.70 0.76 0.72 0.0378 25.23 
Reciprocal motion (Vs: 4mm/s) 0.64 0.58 0.48 0.56 0.0811 19.69 
Reciprocal motion (Vs: 1mm/s) 0.36 0.38 0.37 0.37 0.0080 12.92 
 
Table 7.3: The peak force of tissue interaction obtained from direct insertion and 
reciprocating motion of the four-part probe. 
 
Base upon the basic of energy conservation, the sample receives the work done by probe 
penetrating though the sample as defined: work = force x distance. The works were 
calculated from the integration of reaction force respect to displacement. Therefore the 
energy is imparted to the sample and given a potential damage via tissue deforming, 
tearing, heating etc.  Show as Table 7.3, the total energy imparted on the sample is 
minimal according to slow moving of each segment by reciprocal motion of the multi part 
probe.   
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7.5 Discussion 
This is the first time that the PIV technique has been used for the investigation of soft 
tissue deformation during probe insertion. It is a reliable method, non invasive and can 
measure instantaneous flow. Nevertheless, it has limitations such as; complex calibration, 
intricate algorithm, and small camera view. Critically however, it requires transparent 
samples such as gelatine sample. Thanks to the micro-particles seeded inside the gelatine 
sample provide the scattering characteristics of laser light propagation in tissue. Thus the 
scattered light from the sample was measured and recorded with the CCD camera for the 
investigation of tissue deformation. Generally, light scattering occurs inside the tissue due 
to the optical properties of the tissue (e.g. variations in particle size, concentration and the 
tissue’s reflective index) and laser beam properties (e.g. wavelength, laser beam geometry 
and continuous of pulsed mode) [120]. The higher the wave length of the laser beam the 
lesser the scatter and the more transmission into the tissue. We used 532nm laser, whose 
energy was absorbed partially by the water component in the gelatine sample and 
provided proper scattering image. However, most of the biological soft tissues are not 
enough transparent to allow visible lights or laser beams penetrating through due to 
inhomogeneous properties. Nevertheless, there are many medical imaging technologies 
currently used in clinical practices. Some of high energy light sources are able to penetrate 
the biological tissues such as X-ray and near infrared. Therefore the laser source of PIV 
technique in this study is not suitable for imaging the biological soft tissue.  
 
     In spite of this work shows that the PIV method is able to perform precise 
measurements of the displacement vector (and its magnitude) of inserted probes. To 
make a quantitative comparison between direct pushing and reciprocating motion of the 
multi-part probe, the vector field measurement was optimized with the image size of 
27.58x39.42mm covering the probe trajectory. At each interesting region (5x6 grids), the 
magnitude of vector displacement obtained were repeatable and correlated to the reaction 
force measured directly from the sample.     
  
     At the start of direct insertion, the probe does not slide into the tissue but pushes the 
tissue toward the direction of probe insertion until the force threshold overcomes the 
puncture force. After this point, the probe begins to cut and slides inside the tissue and 
kinetic friction begins. In this experiment, I can conclude that the probe is no longer 
compressing the tissue but cutting it and sliding into it from the change in relative 
 
 
Chapter 7                                                   Tissue Deformation and Damage 
167 
 
velocity. During insertion, the displacement in the X direction follows the following 
points: 
• Large displacement regions were observed at the distal area of probe trajectory and 
area close to the probe shaft while large cutting regions identified at the proximal 
area of probe entry in both methods of the probe insertion.  
• The displacement of vector field in X direction resulting from axial probe 
trajectory is suitable parameter to analyse the data compared with Y direction 
which results from tissue replacement by the volume of the probe. 
• To compare the displacement magnitude of the vector field in X direction 
obtained between direct pushing and reciprocal motion, the significant discrepancy 
is the plateau phase (i.e., cutting phase) rather than deformation and relaxation 
phases. 
• The average displacement of the tissue during cutting phase of reciprocal motion is 
~20% (from Table 7.2) lower than those of direct insertion at a probe velocity of 
1mm/s.  
• The reaction force as well as the work done on the sample is decreased by the 
reciprocal method of probe insertion, in particular the lower speed of probe 
segment. These give evidence that the reciprocal mechanism of multi-part probe 
can preserve the energy to the soft tissue corresponding to less tissue deformation 
and damage. 
     The measurement of tissue deformation by this method is indeed possible to be 
beneficial for investigation of the probe-tissue interaction and particularly in proximity of 
the probe shaft and tip.  
 
7.6 Tissue damage study 
Here I performed qualitative studies to try to understand what the results mean in terms 
of actual damage to the gel phantoms and brain tissue.  
 
7.6.1 Gel phantom damage 
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Figure 7.24: The pictures show: (left) the gelatine tissue and (right) the pig brain tissue 
ripped out along the teeth during microtextured probe withdrawn. 
 
Section 4.4.2 discussed the forces involved in insertion and extraction of the textured 
probes. Figure 7.24 shows the effect of those forces in tearing both tissue of gelatine 
phantom and cadaveric pig brain during extraction. This result from the backward 
pointing teeth required to achieve high friction. The damage to the gel and tissue was 
subsequently qualitatively studied by measuring the remaining probe tract, by optical 
devices.             
     The four-part probe with a diameter of 6mm was inserted into the gel sample. During 
the probe penetration, the cracks were observed along the probe shaft. Figure 7.25 (left) 
shows the representative example of the image obtained. The crack dimensions were 
unstable, as when the probe was removed, the crack collapsed, as seen in Figure 7.25 
(right). 
 
 
Figure 7.25: Observations of unstable crack formation along the shaft of the probe during 
insertion and withdrawal obtained from (left) gelatine and (right) agar gel samples. 
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Then the gel samples were cut at a cross section at longitudinal plane as in Figure 7.26 
(left). The cross-section view depicted the cracking propagation while the longitudinal 
image exhibited the largest diameter of the hole as Figure 7.26 (right). 
 
 
Figure 7.26: Microscopic observation of cracking propagation on (left) cross-sectional 
plane and (right) needle tunnel on longitudinal view of the gelatine sample after needle 
insertion test. (Magnification x5, scale 0.3mm). 
 
 
Figure 7.27: (Left) 3D profilometry image and (Right) 2D surface of gelatine sample 
damaged by the smooth probe insertion (4.4mm in diameter). 
 
A confocal laser profilometer microscope was employed to investigate the 3D surface 
topography of the probe tract. Figure 7.27 (right) shows a cross-section image of a 
remaining tract displaying the hole geometry (diameter of 2.25mm) which is almost half of 
the probe diameter (4.4mm) visible on the gelatine sample.  
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7.6.2 Brain tissue damage 
The most interesting parameter of tissue damage is particularly the number of dead cells 
around the needle tract as a cellular response. This study is reasonable to investigate in 
living or in vivo brain. Nevertheless, this exploration is not conducted in vivo animal 
experiment because of the project licence has not been proposed to the animal ethical 
committee. Then the preliminary study was attempted to demonstrate ex vivo as following: 
 
7.6.2.1 Sample preparations  
     Both pig and rodent models where used in these experiments: 
     A 24 hour-dead pig brain was obtained from the slaughter market. A smooth probe 
(diameter 4.4mm) was inserted manually inside brain tissue then the brain was sectioned 
at the actual probe puncture site. This cannot fully represent live brain, as the tissue 
deteriorated via a proteolytic process, but can give an indication of what would happen in 
live tissue. A sample was selected and examined by a conventional microscope. The pig 
brain was pierced with both smooth and a 250μm triangular-toothed strip mounted on 
the probe (diameter of 4.4mm with conical tip). It was then sectioned, and tissue sample 
were preserved in 10% formaldehyde solution for 24 hours and processed by histological 
tissue preparation including fixation, dehydration, paraffin embedding, sectioning and 
staining. Haematoxylin and Eosin stain (H&E) was used to evaluate the sliced specimen.  
      Brains were harvested from the skulls of freshly euthanized rats. Then the two strips 
of smooth and 250μm triangular tooth (0.86mm thick, 1.30mm wide and 75mm long) 
were dripped in Trypan blue dye in order to increase image contrast [48] and then 
manually embedded into the brain tissue for 5 minutes before removing them. The brain 
tissue enclosing the punctured mark of two strips was cut as two cubic shape (15mm) 
samples and preserved in 10% formaldehyde solution overnight. Thus, the tissue samples 
were fixed in liquid nitrogen and passed to a cryo-sectioning process. The sliced tissue, 
approximately 20μm in thickness, was cut perpendicular to the hole axis. The tissue 
sections were examined and its dimension measured by using light stereo microscope.  
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7.6.2.2 Optical microscopy    
 
 
Figure 7.28: Histological staining of brain tissue results from (left) smooth probe and 
(right) 250μm triangular-toothed probe (4.4mm outer diameter) inserting into a cadaveric 
pig brain. 
 
The result of light microscope studied on the stained tissue is shown in Figure 7.28. The 
histological study shows crack geometry resulting from the smooth probe and 250μm 
triangular-toothed probe (4.4mm outer diameter) inserted. Probe insertion of needles 
caused a crack propagation into the surrounding tissue and tissue fragments around the 
tract boundaries. Additional tissue rupture may have been caused by the sectioning 
process. It is difficult to evaluate relative differences between the samples as damage 
resulted from both needle insertion and tissue processing (i.e., tissue cut by a microtome-
sectioning instrument, and shrinkage tissue after dehydration process). The post mortem 
process of a biological tissue after 6 hours gradually alters the mechanical properties as 
Garo et al. [18] reported in pig brain. As a result, the complexity of tissue preservation 
and preparation technique was interrupted by tissue decomposition. 
     A comparison between the smooth and the 250T microtextured strips in terms of the 
effects of their insertion into and extraction from a rat brain are shown in Figure 7.29. 
The dimensions of the residual tract were estimated to be 30% of strip cross-section area 
without excessive damage. Further, the trypan blue (a dead cell assay) was used to identify 
and stain the remnant tract, although such dead cell staining is difficult to evaluate as the 
tissue was already dying when the experiment took place. 
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Figure 7.29: Cross-sections of residual needle tracts on rat brain slices overlaid by (left) 
smooth strip and (right) 250T strip. The tissue around holes is stained by trypan blue. 
      
The relationship between the needle topography and the tissue damage can be presented 
by quantitative characteristics of physical damage of cadaveric rat brain such as hole 
dimensions, cross-section area and the cracking propagation inside the specimen. 
Additionally, the qualitative tissue damage can be indirectly demonstrated by the amount 
of neuron death around the needle tract. Although this indication of the damage result 
could be regarded as a preliminary trial because some dead cells near the needle tract were 
stained with trypan blue as displayed on Figure 7.30. This test should be performed in vivo 
rat in order to get the proper results, which will be considered in a future development. 
 
 
Figure 7.30: Microscopic picture of dead cells stained by trypan blue at surrounding 
tissue. 
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7.7 Conclusions 
In neurosurgery, accurate probe placement in the brain is crucial to the success of the 
probe intervention and to achieve the purpose of minimal invasive surgery. Therefore, an 
understanding of probe-tissue interactions such as tissue deformation, reaction force, and 
tissue damage required.  
     This Chapter presents a novel method to investigate the tissue deformation using PIV 
system, correlated with a relative force measurement. A preliminary qualitative 
demonstration of tissue damage on the gel phantom and the biological tissue by probe 
insertion was also presented. The PIV technique has been successfully used for the first 
time to investigate 2D tissue deformation during probe insertion. This approach has been 
used for probe insertion via both direct pushing and reciprocating motion. Results allow 
measurement of micro-scale tissue displacement. This shows the strength of this novel 
method over the macro-scale techniques (i.e., tracing fiducial markers with Ultrasound, 
CT, MRI, etc) in which most of researchers have currently been engaged [43, 76]. 
     This results show the advantages of the novel biologically-inspired reciprocating 
motion method for probe insertion into soft tissue. The strain distribution in the tissue 
along the probe shaft and tip during its motion in both direct pushing and reciprocation 
motion is slightly different. But the average displacement, obtained from direct probe 
insertion is approximately greater than those obtained from reciprocal motion, even the 
same net tissue penetration. Moreover, the reciprocal motion of multi-part probe has the 
advantage of reducing resistant force (thus reaction force) over a conventional direct 
insertion while moving at the same overall speed (Vs: 4mm/s vs. Vp: 1mm/s) and may 
contributing to minimal tissue deformation and damage. This suggests that the net energy 
of reciprocating motion, which decreases at slower speed, is smaller than direct insertion. 
Additionally, it is able to assume that reducing of transmitted force and transferred energy 
to the tissue, may diminish tissue deformation will increase the accuracy of probe 
insertion. Due to the stationary part of the multi-part probe can grip the tissue and reduce 
the tissue displacement while one segment is moving as the evidence shown in 
displacement profile. Therefore, the reciprocal mechanism of next generation surgical 
tools in this approach is more accurate and safer than simple insertion method of 
conventional tools. 
     In general, brain tissue is complex because of its inhomogeneous, non-linear, 
anisotropic and viscoelastic behaviour. As a result, the tissue-probe interaction study was 
mainly performed using homogeneous brain phantoms. Their linear elastic and 
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transparent optical properties help the study of the tissue deformation and damage. 
Qualitative biological data was presented to show what the tissue-probe interaction means 
in practice. Future work could explore 3D tissue deformation by using a stereo PIV 
technique, as well as a full biological tissue damage study in in vivo animal experiments 
explained in the last chapter. 
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Chapter 8 Applications of Next 
Generation Surgical Tools 
 
8.1 Introduction 
The data and analysis in Chapter 4 shows that even very small surface geometries can 
affect the force measured during penetration and retraction of a textured needle into 
animal brain tissue. Results of the biologically inspired probe with microtextured 
topography are promising: very small surface topographies affect the forces experienced 
in the two directions of motion, increasing the gripping force when the needle is retracted 
while not significantly increasing the insertion force. These results also suggest that new 
surface topographies of surgical instruments can be designed, avoiding the slippage of 
certain instruments, which are currently manufactured with a smooth surface. For 
instance, in Deep Brain Stimulation (DBS) electrodes for Parkinson’s disease, one of the 
complications is electrode migration. Adding an advanced surface topography, which is 
able to grip the tissue without damaging it, could solve this problem. This Chapter 
includes the medical need in DBS surgery, a proof of concept by conducting an 
experiment on brain shift, mechanical testing, results and discussion as well as the clinical 
significance of this work. 
      A biologically inspired texture structure was developed in collaboration between 
Imperial College London and Rutherford Appleton Laboratory in the UK. Dr Andreas 
Schneider (from the Rutherford Appleton Laboratory) was responsible for the 
manufacturing of microtextured strips used to implement the texture on the DBS-like 
samples. Two sets of DBS electrodes (model 3387, 3389) were contributed by Medtronics 
Inc., in collaboration with Professor David Thomas at the Royal London Homoeopathic 
Hospital, Queen Square, London. 
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Figure 8.1: Structure of Chapter 8 
 
 
8.2 Microtexture in DBS electrode 
8.2.1 Research rationale 
Recently, there has been growing interest in deep brain stimulation as an optional 
treatment in functional neurosurgery. It has been shown that by sending electrical 
impulses through target brain structures it is possible to control disease symptoms of 
movement disorders such as Parkinson’s disease, dystonia and essential tremor as well as 
psychological problems [121]. Implantation involves the insertion of a DBS 
electrode/lead to a precise target inside the brain and a pulse generator placed in the chest 
wall below the collar bone as show in Figure 8.2. One of the most important and delicate 
procedures is the placement of the DBS electrode at the accurate target for optimal 
stimulation results and minimum complications. Misplacement of the brain electrode is 
crucially considered at pre, intra and post-operative periods [104]. Moreover, placing a 
solid material inside soft brain tissue results in brain displacement. The level of brain 
displacement is affected by many factors including gravity, size of cranial opening, type of 
surgery, CSF drainage, osmotic drugs and intra-operative brain manipulation [30]. 
Muhammad et al. [9], who compared pre and post-operative MRI scans of DBS surgery 
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reported an up to 3.8mm of deep brain structures shifted mainly by gravitational effect. 
Miyagi et al. [122] found that intra-operative brain shift during unilateral and contralateral 
DBS implantation is important for accuracy of DBS electrode placement and 
consequently for therapeutic effects. In order to minimize brain shift many neurosurgeons 
are accustomed to gentle insertion of the DBS lead into the brain tissue facilitating the 
tissue penetrated rather than tissue pushed. Nevertheless, electrode/lead migration is 
often discovered when the DBS system failure is detected. DBS migration can be defined 
as 
1) Electrode/lead migration is defined as post operative situation in which the 
electrode is not placed close to the initial targeted position by evidence of imaging 
studies [123] due to either brain shift or extension wire pulled out. 
2) Extension wire migration is defined as the evidence in which the extension lead of 
DBS electrode is displaced by some causes. 
 
 
Figure 8.2: Overview of a deep brain stimulation (DBS) system. Electrode is placed inside 
a deep brain structure (Thalamus) through a small burr hole on the skull.  
The electrode is connected by an extension wire to a pulse generator placed under the 
skin of the chest (Image courtesy of WebMD, Inc.). 
 
For example, Oh et al. [124] recorded the complications of DBS migrations of 4 of 310 
electrodes in 217 patients during a long term follow up at a mean of 33 months. Lyons et 
al. [123] discovered lead migrations in 5 out of 155 DBS surgeries. A higher rate of 2.3% 
slipped lead incidences was reported by Yiani et al. among dystonia patients [125]. 
Blomstedt et al. [104] found 4 electrode migrations out of 161 electrodes implanted. In a 
recent review of hardware-related problems in DBS, Hamani et al. [126] reported that 
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5.1% of 922 patients undergoing DBS had migration or misplacement of the electrodes 
(4.4% of leads implanted). 
     Thus, DBS lead slippage is considered at two locations, internal DBS electrodes 
implanted along a desired brain structure and external DBS fixation on the skull. None of 
the previous studies has investigated how to anchor to a target location by adding surface 
topography on DBS lead. In this section, experimental results are reported on preliminary 
results where the extent of electrode migration in ex vivo pig brain was minimized by 
adding microtextured features to the surface of DBS-like neurosurgical strips and applying 
an external fixation device during changing posture. 
 
8.3 Materials and methods 
 
8.3.1 Microtextured strip fabrication 
Microtextured strips prepared from SU-8 photoresist (0.86mm thick, 1.30mm wide and 
75mm long) were fabricated by photolithography and deep reactive ion etching (DRIE) 
technique contributed by Micro and Nanotechnology Centre, Rutherford Appleton 
Laboratory, UK [102]. Microtextured features of constant triangular (T) or fin-like (F) 
patterns of 500µm 250µm, 100µm and 50µm protruded on two sidewalls of each strip 
(Figure 8.3) and smooth surface strip was provided as a reference. A standard DBS lead 
model 3387 (courtesy by Medtronic. Inc) with diameter of 1.27mm made from 
polyurethane material was tested as a reference study as shown in Figure 8.4. It consists of 
four Platinum/Iridium electrodes with 1.5mm in width and 1.5mm of electrode space. 
 
 
Figure 8.3: Microtextured strips (SU-8 photoresist, 0.86x1.30mm) were fabricated by 
photolithography and deep reactive ion etching (DRIE), (A) with symmetric triangular 
and (B) with fin-like patterns, on the sidewalls, which were 75mm in length [102]. 
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Figure 8.4: The distal end of a DBS lead (Model 3387 Medtronic Inc., Minneapolis, 
Minnesota) with diameter of 1.27mm is available with four electrodes; each electrode 
length is 1.5mm with 1.5mm electrode spacing. Two microtextured strips with 1.30mm in 
width and 250µm triangular (left) and 250µm fin-like teeth (right). 
 
8.3.2 Brain shift experiment 
Three cadaveric pig heads from the abattoir were collected 24 hours after they were 
slaughtered according to a standard procedure. Specimens were kept in 4°C refrigerator. 
The aim was to use the pig heads for probe implantation and brain shift simulation due to 
gravitation by changing posture. Microtextured strips and quadripolar 3387 DBS electrode 
(Medtronic Inc., Minneapolis, MN) were implanted inside pig brains. The pig scalp was 
incised at midline to expose its skull and three 14mm burr holes were drilled at right and 
left parietal areas or 20mm lateral to the midline on top of the skull. Dural membrane 
opening was performed to reveal the underlying cortical surface. As a result of the pig 
head cut and post-mortem process, no CSF leakage was identified from subarachnoid 
space because it dissipated after 24 hours. Then, Phosphate Buffered Saline (Fisher 
Biotech, New Jersey, US) was filled into a burr hole to imitate artificial CSF surrounding 
the pig brain. The pig head was secured in an aluminium fixation cage which enabled bi-
level manual turning to 90 degrees to simulate changing human head position from supine 
to upright posture. 
 
 
Figure 8.5: Microtextured strip mounting with a fibre optic sensor inside a transparent 
elastic tube. 
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Figure 8.6: (Left) DBS lead and fibre optic sensor inserted through a burr hole and 
secured with adjustable skull fixation device. (Right) The parietal brain area can be 
visualized through the burr hole.  
     
 
Figure 8.7: Experimental set up to measure brain shift during changing posture between 
supine and upright positions. 
 
Then, in consecutive experiments, a fibre optic displacement sensor (with 88mv/mm 
sensitivity, PHILTEC, Inc. Annapolis, MD) was mounted inside an elastic tube; first onto 
each strip and next on a DBS lead of 1.27mm diameter (Figure 8.5). Each of these 
samples was then embedded 15mm deep inside the parietal area of the brain through the 
holes in pig skulls (Figure 8.6) by facing the angle surface of the microtooth toward the 
brain tissue. A custom-made fixture able to rotate by 90 degrees was used to simulate 
starting supine and following upright postures as Figure 8.8. The tip of optical sensor was 
adjusted close to brain surface as much as possible without touching the tissue. The 
cortical displacement of the brain tissue surrounding each strip under the sensor was 
detected along the direction of insertion by the optical sensor. The skull fixation frame 
was rotated alternately from 0 to 90 degrees as 2 cycles which each position lasting 60 
seconds. Measurements were acquired in real-time by a data acquisition interface system 
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(NI USB-6009 DAQmx) and Signal Express software version 2.5 (National Instrument 
Corporation Inc.) which filtered the acquired signals including converted to displacement 
scale (µm). 
 
 
Figure 8.8: Actual and diagram illustrations of experimental set up to measure brain shift 
during changing posture between supine and upright positions. 
 
8.3.3 Extraction force study 
In order to investigate the interaction between the microtoothed strip and the brain tissue, 
an extraction force study was conducted at two locations on the pig head;  
1)  Internal friction force between micro strip with DBS lead surface and brain 
tissue. 
2)  External friction force between DBS lead and external skull fixation device. 
 
     Thus, the objective of the extraction force study was to analyse both the interaction 
force of strip migration, and the force of the DBS lead slippage. For the internal friction 
test, the toothed strips and standard DBS lead were inserted 15mm deep into the brain 
following extraction by a dual column traction machine (Instron machine 5866, Instron 
Inc.) equipped with a 10N load cell as shown in Figure 8.9. As the strips and the DBS lead 
were pulled out from the pig brain, the force profiles were recorded. 
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Figure 8.9: Microtextured strip was inserted and extracted into cadaveric pig brain 
through a burr hole. 
      
To test the external friction, the DBS lead was placed inside a burr hole ring and cap 
(Model 7495-51), provided by Medtronic DBS model 3387 (Figure 8.10A) and fixed to 
the traction machine base. The traction machine gripped the DBS lead at 100mm from 
the fixed segment. Hence, the tensional force applied to the DBS lead was increased until 
the DBS lead started to slip from the burr hole cap. This test was performed on the 
standard burr hole fixture with smooth surface from a slot on left side as shown on Figure 
8.10B. However, the following test was conducted on the modified burr hole ring with 
toothed structure on the slot on right side. The right side slot of the burr hole ring was 
properly glued with a 5mm length of a 250µm triangular toothed strip in order to grip the 
DBS lead surface when it was positioned on this slot. The pulling test was conducted in 
the same manner as the prior test. The data were recorded by Blue Hill software-2 
(Instron Inc.) until the DBS lead was visually commencing to move out of the burr hole 
cap. 
 
Figure 8.10: (A) The slippage test of a DBS lead from the burr hole ring and cap model 
7495-51 (Courtesy of Medtronic Inc.). (B) Two slots for DBS lead positioning are smooth 
on left side and toothed on right side, placed with 250µm triangular toothed strip. 
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8.4 Results 
The Local brain shift of cortical area at parietal region was up to 804µm from the 
recording by the optical displacement sensor, when the pig head was rotated from the 
supine to the upright position because of gravity. The brain surface was visible through 
the burr hole and opened membrane when the pig head was rotated 90 degrees. The local 
brain shift surrounding each strip and the standard DBS were compared. As shown in 
Figure 8.11 and Table 8.1 the direction of the brain surface was shifted away from the 
optical sensor when the pig head was turned up and defined as a positive value along the 
core of strip or DBS lead. Only average results from three of those were presented 
because the sample sizes were small for statistic analysis. The average brain shift 
surrounding the smooth strip (dimension of 0.86x1.30mm) and standard DBS lead 
(diameter of 1.27mm) were 394µm and 326µm respectively with insignificant difference in 
local brain displacement. This result is expected since the smooth strip has larger contact 
surface (64.80mm2) than the standard DBS lead (59.87mm2) when embedded 15mm 
inside the brain tissue.  
 
 
Figure 8.11: Chart of the local displacement of the brain surface surrounding each sample 
(including all textured strips and the DBS lead) were measured with respect to the skull by 
means of the optical sensor. Note that all samples were fixed to the skull during this 
process (for examples; 250T and 250F mean protruding with triangular and fin-like teeth, 
respectively of 250µm height). 
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In contrast, the results presented in Table 8.1 show that increasing contact surface by 
adding microtextured protrusion at bilateral sides of the strip significantly reduces 
adjacent brain shift. The larger toothed dimension of the microtextured strips enable 
better grip at the probe-tissue interface, thus minimising reducing migration by 250µm in 
compared to the smooth strip. The fin-like and triangular toothed strips were not 
significantly different in an average measurement of the local brain displacement. 
      Table 8.1 shows the results of local brain shift with respect to the strips and DBS 
electrode/lead embedded inside three pig brains. The experiments were performed in 
different brains resulting in a broad range of the results. The 1SD variation (error) thus 
also proved to be large. There is also a meaningful relationship between the size of the 
microtextures and a reduction in the local brain displacement results from the same pig 
brain. It should be noted that the results could not be replicated to improve the statistics 
due to a limited supply of pig and strip samples (even recycled) and the difficulty in setting 
up the experiment. 
 
 
Strips 
Local Brian Shift (μm) Average 
(μm) 
Error  
(± 1 STD) Brain1 Brain 2 Brain 3 
No Strip 818 768 826 804 32 
DBS 494 392 93 326 208 
Smooth 545 419 218 394 165 
50T 404 185 13 201 195 
50F 403 134 65 200 178 
100T 360 32 40 144 186 
100F 343 109 21 158 166 
250T 174 46 10 77 85 
250F 87 42 10 46 38 
500T 42 19 2 21 19 
500F 111 33 2 49 56 
 
Table 8.1: The local displacement of the tissue surface surrounding each strip and the 
DBS lead was measured by means of the optical displacement sensor. (T: triangular and 
F: fin-like teeth). 
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Figure 8.12: Force (gram force) required to extract the microtextured strips and DBS lead 
from the pig brain (measured with a high precision tension machine), (T: triangular and F: 
fin-like teeth). 
 
The required force to displace each strip and DBS lead embedded inside the pig brain was 
measured with a traction machine. The force profiles of the microtextured strips, 
including the sizes of 50µm to 250µm and the DBS lead are shown in Figure 8.12. Note 
that the force profile of 500T and 500F are above 250F and smooth strip is below the 
50T strip. In principle, the toothed needle provides greater extraction force as discussed in 
section 4.4.2. This result reveals that the greater the dimension of the protruding features, 
the larger extraction friction force. The results presented in Figure 8.12 suggest a 
relationship between tooth features (i.e., triangular and fin-like tooth) and extraction 
friction force. The microtextured strips mounted with bilateral protruding structure of fin-
like tooth provided significantly higher extraction friction force than triangular toothed 
strip for the same tooth height.  
     The external fixation device was designed to secure the DBS lead on the skull. Without 
burr hole cap, the DBS lead was pulled out easily by a 1.9 gram force (18.6mN) as seen in 
Figure 8.12. Nevertheless, at least 198.6 gram force (1.95N) was required to enable the 
DBS lead to relatively displace from a burr hole cap (Medtronics model 7495-51). During 
the burr hole cap experiments, slip was detected after approximately 11% elastic 
elongation of the 100mm long DBS lead by visual observation as shown in Figure 8.13. In 
contrast, the modified burr hole ring adding with microtoothed structure (250µm 
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triangular shape) mounted on the slot prevented slippage of the DBS lead up to 400 gram 
force (3.92N) before failure of the grip holder as presented in Figure 8.13. 
 
Figure 8.13: Force required to slip DBS lead from smooth slot (lower line) and toothed 
slot (upper line) of a modified burr hole cap and ring. 
 
8.5 Discussion 
The exposed brain tissue underneath the burr hole shifted by 0.80mm when the adult pig 
brain (180 gram, which is 1/8 of the weight of 1,400 gram human brain [127]) was rotated 
from the supine to the upright position due to gravitational force. In comparison, up to 
3.8mm brain shift was observed in human deep brain structures in the direction of gravity 
[9].  This scale of brain shift results in a few millimetres of DBS electrode migration that 
can cause displacement of the contact surface between target tissue and electrode and lead 
to hardware-related post-operative complications. In general, the confirmation of 
electrode placement is accomplished by electrophyisologic recording and stimulation 
including image modalities such as fluoroscopy, CT or MRI scan. Nevertheless, some 
patients return to the hospital at a later stage due to DBS dysfunction. The microtextured 
lead proposed in this study may reduce electrode displacement by offering better grip at 
the electrode-tissue interface, thus minimising migration. In this case, the larger the tooth 
size of each strips the greater the anchoring strength and extraction force, as indicated in 
Figure 8.12. Comparing small and large microtextured strips with the results obtained for 
the DBS lead reveals that larger microtextures (250µm and 500µm) can reduce the motion 
of surrounding brain tissue (Table 8.1). No differences between the fin-shape toothed 
strips and triangular tooth were found at tooth sizes of 250µm and 500µm (Figure 8.11). 
The 500µm toothed strip provided the minimum brain shift during the upright position of 
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the pig head. Conversely, the standard DBS itself was unable to keep the contact tissue 
against gravitation of the brain, i.e., in the experiment there was a 0.33mm local brain 
shift. 
       Khan et al. [128] suggested that a few millimetres of brain shift such as 10mm can 
significantly decrease the precision of DBS implantation. For example, the common target 
of DBS electrode in Parkinson’s disease is the subthalamic nucleus (STN) which has 
approximate dimension of 4x6mm [9].  The therapeutic range of bipolar stimulation 
requires 2 electrodes with overall length of 3.5mm (1.5mm of electrode width and 0.5mm 
of intervene gap, DBS lead model 3389). Thus, a 2.0mm of deep target displacement 
adjacent to the two electrodes can cause an alteration of contact stimulation and may 
significantly affect clinical outcomes or complications. Halpern et al. [129] studied deep 
brain shift during bilateral subthalamic nucleus DBS surgery. Comparing between pre and 
post-operative MRI images illustrated deep structures shift posteriorly due to gravitation, 
mainly in supine position. However, a microtexture-coated DBS lead suggested here can 
help to minimize the potential of electrode migration in such cases. Further according to 
results of the current study, the higher extraction friction force of toothed strips, when 
compared to the smooth surface of the DBS lead, can secure the contact between the 
tissue and the electrode, thus reducing local brain shift. Nevertheless, smaller geometries 
e.g. 50µm could not effectively anchor the adjacent tissue during brain shift due to the 
minimal texture-tissue contact surface. 
 
8.5.1 The importance of electrode-tissue interfaces for 
neural stimulation 
    For better understanding of the potential effect of an electrode displacement on the 
stimulation efficiency, a simple model of electrode-tissue interface is considered below. 
The current required for neural stimulation is proportional to the distance between the 
electrode and the neuron. Asanuma et al. [130] proposed the voltage gradient across a 
neuron with respect to the distance is constant and is related to applied current as 
described by the equation below and the diagram (Figure 8.14A). 
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                                                    (8.2) 
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              if                            (8.4) 
      
                                            (8.5) 
 
where     is applied current required for extracellular stimulation of a neuron. 
  is specific resistivity of the tissue. 
  is distance from current source to neuron. 
 
     This theoretical concept can be applied to calculate an effective current required to 
stimulate the neurone for the DBS treatment. The additional current requirements 
resulted from an electrode displacement (due to relative brain shift) from 0 to 
   is                          
 . This means that the required stimulation current 
increases with the square of the electrode displacement along the inserting direction. For 
example, Alegret et al. [133] used bipolar pulse at 40-80µA, 300Hz to conduct the clinical 
experiment on subthalamic deep brain stimulation. Their results suggest that a 40µA is 
approximately required at a 100µm electrode distance (see Figure 8.14 B), which gives a   
value of 4A/mm2. Thus, a 326µm electrode displacement (value obtained from the study) 
will result in 426µA additional current, i.e., an order of magnitude higher. This explains 
the reason why a deteriorated response of the DBS treatment requires re-programming of 
a microstimulator after electrode implantation. Evidence supporting this phenomenon is 
that current as low as 3µA at the subthalamic nucleus can alter the behaviour responses in 
a rat model [134]. 
 
Figure 8.14: (A) Diagram of relationship between electrode track and distance ( ) from an 
electrode to a neuronal cell [131]. (B) The effective distance of electrode to neuron and 
axon on threshold of stimulating current [132]. 
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Figure 8.15: (A) Subthalamic nucleus (dimension 4x6mm) requires DBS lead model 3389 
which consists of contact area of two electrodes including a gap (3.5mm in length) for 
bipolar stimulation [122]. (B) Model of shifted electrode corresponding to the mismatch 
region between the volume of tissue activated and subthalamic nucleus of monopolar 
stimulation [135]. 
 
Despite the wide clinical use of DBS, its precise mechanism remains controversial [136]. 
Given that the electrode field depends on the electrode-tissue interface. Butson et al. [121] 
proposed a computation model to calculate the volume of tissue activated (VTA). Their 
results suggest that the electrode contact area should be preserved; otherwise the volume 
of tissue activated during stimulation is displaced out off the target region (Figure 8.15B) 
which leads to a therapeutic failure. 
     While an external electrode fixation device, such as the burr hole ring and cap used in 
this study, can secure the DBS lead onto the skull, it does not prevent the displacement of 
the surrounding brain tissue relative to the electrode. Furthermore, a high level of a lead 
tension (more than 200 gram force of tension), which may occur during the rapid 
movements caused by certain severe pathologies (e.g. dystonia) [125], are sufficient to 
cause the DBS lead to slip from the burr hole cap, leading to a gross misplacement of the 
electrode. This effect results in significant hardware complications in the late phase of 
severe movement disorders, such as in dystonic patients, which often requires revision of 
DBS implantation [137]. Nonetheless, most researchers pay minor attention to intracranial 
DBS migration due to brain shift while focusing on the external DBS (extension lead) 
slippage for instance, pulling force from the extension wire during operation [104] or 
abnormal neck motion as in dystonia patients [125]. This trend has led to the 
development of external fixation devices such as the Medtronics burr hole ring and cap, 
Miniplate [138], Titanium microplate [139, 140]. Navigus cap [141, 142] and standard burr 
hole cover [143]. However, the DBS burr hole ring and cap supplied by Medtronics have 
 
 
Chapter 8                                                        Applications of Surgical Tools 
190 
 
several disadvantages reported by a number of researchers. Wharen et al.[141] suggested 
that the DBS lead moved deeper (3.3mm) when pressing the cap into the ring base as 
evidenced by digitized X rays. Placement of burr hole cap on the skull caused cosmetic 
protrusions [139] and erosion [125]  under the skin. For these reasons, several 
neurosurgical centres have proposed their own DBS anchoring techniques. For instance, 
Yiannni et al. [125] described the risk of DBS lead migration and fracture due to 
intermittent traction on the lead when a patient’s neck twists as a clinical symptom, and 
proposed using a mini-plate similar to the one shown in Figure 8.16A. Bjarkam et al. [139] 
used fibrin glut to seal dural membrane around DBS lead and anchor it with bioglue and 
placed it with titanium microplate. Ng et al [143]  used 3/0 Silk tie DBS lead with a 
standard burr hole cover secured over the burr hole as Figure 8.16B. Yamanoto et al. 
[144] created a double floor burr hole by a designed perforator. Then the burr hole ring 
was placed in the double floor hole without cap bulging. Lee et al. [142] reported that 
Medtronics burr hole cap had lower anchoring on DBS lead than methyl methacrylate 
cement roofed with the titanium plate and Navigus cap. Hirabayashi et al. [145] studied 
the infection and erosion occurring at the burr hole cap including lead dislodgement at the 
fixation and suggested using a microplate and a screw fixation instead. 
     Adding of a microtooth at the slot of the burr hole cap proposed here presents a 
simple method for better anchoring and hence securing of the lead on the burr hole 
fixture. The stop of lead slippage is significantly resistant to an increase of lead tension as 
high as 400 gram force (3.92N). 
 
 
Figure 8.16: (A) External fixation of DBS lead securely placed on the skull by Mini-plate 
[138]. (B) A standard burr hole cover [143]. 
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8.5.2 Tissue damage investigation 
This section explains the interaction of brain tissue and microtextured strip in term of 
tissue destruction is part of Chapter 7 (section 7.6.2). According to Stock et al. [146], who 
studied histological appearance of the electrode surrounding tissue occupied by fibrillary 
gliosis in chronic phase response, the tissue damage occurs during the lead insertion rather 
than the electrical stimulation or chronic mechanical irritation. In acute responses, the 
tissue destruction happens immediately during the strip's or DBS electrode's penetration 
into the tissue. In fact, the microtextured strips were embedded inside brain tissue without 
removal as in chronic medical implants. However, it is difficult to inspect the tissue 
damage either during insertion or when strip remains at its place. For this reason, the 
tissue damage study was conducted after the microtextured strip was removed from the 
tissue. It was found that the toothed strip is able to rip out the adjacent brain tissue during 
the strip withdrawal. In this case, the surrounding brain tissue can collapse around the 
remnant hole because of tissue relaxation. Thus, only the remaining hole and debris tissue 
reaction after microtextured strip withdrawal was investigated and the measured tracts 
were in principle smaller than their strip geometry. Moreover, a dead cell assay was not 
feasible in this study because the experiment was conducted in cadaveric animals; 
therefore at the time of measurements no live cells were expected. 
      Finally, adding a microtextured surface provided higher friction with the surrounding 
tissue, thus coating the DBS cable with a microtextured feature would cause an anchoring 
effect on brain tissue, external fixation device, and subcutaneous tunnel. Microtextured 
design of the gap between four electrodes and burr hole slot is capable of minimizing 
DBS migration relative to internal brain shift, as well as minimizing an external fixation 
slippage when the DBS cable is pulled out, which are the main means of reducing 
hardware-related adverse effect of DBS surgery.  
 
8.6 Other applications of a bio-inspired probe 
The brain is one of the most delicate organs in the body: despite the heterogeneous 
appearance of cerebral tissue, brain functions are highly organized in an extremely 
complex network which controls all physical and cognitive human behaviour. For this 
reason, surgical interventions into the brain need to be precise, accurate, and safe. 
Advances in surgical technologies have, in recent years, enabled surgeons to adopt a 
minimally invasive approach for a number of procedures using “keyhole neurosurgery” [36], 
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where long thin instruments are used to access different brain regions through a small 
cylindrical aperture in the skull (usually less than 1cm in diameter). Tumour  biopsies, 
catheter insertions, deep-brain stimulation (DBS), aspiration and evacuation of deep-brain 
haematomas, localized drug delivery, localized chemotherapy and brachytherapy as well as 
tissue sampling for histological studies, are among the procedures which either can, or will 
be,  performed in the near future through a minimally invasive approach [36, 147, 148]. 
Therefore, the next generation of tools for keyhole neurosurgery have to be explored. 
     This preliminary study (section 4.4.2) shows that even very small surface geometries of 
the bio-inspired probe can affect the force measured during penetration and retraction 
into animal brain tissue. According to the overall aim of developing of a biologically 
inspired probe, the results obtained are promising: very small surface topographies affect 
the forces experienced in the two directions of motion, facilitating the insertion and 
increasing the gripping force when the probe is retracted. Nonetheless, considering the 
peak forces experienced, insertion still requires greater force than extraction. These results 
also suggest that new surface topographies for soft tissue probes can be designed, in order 
to facilitate the insertion and avoid the slipping of certain instruments, which are currently 
manufactured with a smooth surface. Potential instances where this approach could be 
applied are in Deep Brain Stimulation (DBS) for Parkinson’s disease, as presented in this 
chapter, and similarly ventriculoperitoneal shunt for Hydrocephalus [149]. By designing a 
more advanced surface topography, which is able to grip the tissue without causing 
damage, it may be possible to reduce the occurrence of such complications in these 
interventions. A similar technique could also be applied to enhance the effectiveness of 
conventional surgical tools, for instance brain retractors in order to grip the tissue without 
extensive damage. 
     The preliminary results outlined in this thesis suggest that the new method of 
percutaneous intervention of the bio-inspired probe, which penetrates brain tissue by 
exploiting a mechanism similar to the one found in the ovipositor of some wasps, is 
indeed feasible: the multi-part characteristic of the novel probe can penetrate into tissue 
by sliding in a reciprocating fashion, while requiring minimal axial push, causing minimum 
tissue deformation and avoiding buckling. Additional research carried out at Imperial 
College has studied brain tissue penetration with flexible probes, which can be steered 
inside compliant media along minimum risk trajectories. This information is provided in 
Appendix A. 
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      Furthermore, this kind of device has the potential to benefit both patients and 
healthcare providers through better targeting, reduced tissue damage, reduced morbidity, 
and the potential for developing novel diagnostic tissue sampling and localized therapy 
procedures.  
 
8.7 Conclusions 
This chapter firstly demonstrated the applications of microtextured topographies for DBS 
surgery. It was shown that a microtextured DBS lead could help to prevent the 
electrode/lead migration mainly caused by brain shift and twisted neck muscles. The 
proof of this study began with microtextured strip fabrication, progressed to experiment 
on brain shift simulation and extraction force measurement. The clinical importance of 
DBS slippage is in preventing probe migration which can certainly reduce hardware-
related complications.  Such risks have been solved by using external burr hole fixators. 
However, none of the researchers accomplished a method to secure electrodes with 
respect to a stimuli target as proposed here. Adding a 250µm toothed structure is able to 
reduce the electrode migration from approximately 0.3mm to 0.08mm (Table 8.1). The 
introduction of a microtexture-coated DBS lead would therefore be a major step forward 
in this technology, particularly if the DBS lead can be revised without tissue tearing during 
lead extraction. Consequently this problem has already been addressed, in the 
consideration of a new concept of retractable tooth or cantilever actuator, that has been 
explained in future development (Section 9.3.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 8                                                        Applications of Surgical Tools 
194 
 
Chapter 9 Conclusion and Future 
Development 
 
This chapter concludes with an overview of the research area presented in this thesis on 
the topic of a novel bio-inspired insertion method for application to next generation 
percutaneous surgical tools. A summary of the salient contributions of this topic is given, 
and suggestions for future development of several aspects regarding advance 
microtextured topography and a reciprocal mechanism of the multi-part probe are 
proposed. 
 
9.1 Overview 
The aim of the research presented in this thesis was to investigate the novel biologically 
inspired approaches to tool insertion into a compliant medium of brain-like tissue 
consistency. This can be used to develop the next generation of minimally invasive 
surgical instruments which cause reduced tissue deformation, trauma and may be steered 
along curved trajectories. Starting with Chapter 2, a brief background to brain anatomy 
and histology including discussion of brain mechanics was presented. The medical 
motivation for probe insertion to expand the new insertion method was then established 
by discussing the limitations of conventional methods. The effects of tissue deformation 
during direct probe insertion into soft tissue were discussed, together with target error and 
damage during percutaneous interventions.  
      An understanding of probe-tissue interaction was provided by reviewing the up-to-
date research involved. Particularly, how percutaneous interventions, with a focus on a 
minimally invasive approach to brain surgery, could benefit from a new method of probe 
insertion. This medical motivation challenges the technology developed in the field of 
medical engineering.  
      To develop a novel method of probe intervention, the biological behaviours of 
percutaneous concept were explored to expand the potential of bio-inspired 
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instrumentation through the examples of ovipositing wasps and mosquitoes.  A detailed 
overview of the biological inspiration was presented regarding oviposting wasps which use 
a method of reciprocal motion of the segments of their ovipositor to lay eggs in their 
target material i.e., wood. They achieve this with the aid of micro-toothed surface 
structures on their ovipositor segments. This thesis thus proposes that a similar method 
may be used on softer tissues with minimal damage. Moreover, as this insertion strategy 
can be used to steer the ovipositor mechanism, it may also be used to steer a surgical 
probe.  
     Chapters 3 proposed the study of biomechanics of artificial tissues that may be 
selected in order to replicate the brain mechanical properties in the range of interest. 
Gelatine and agar were used to develop a brain phantom due to their ease of preparation, 
constant properties, and potential to reduce the use of biological tissue. A preliminary 
verification showed that the brain phantom gave repeatable force measurements during 
probe insertion which were comparable with pig brain. Many prior reports in the literature 
were described concerning target misplacement and tissue damage resulting from probe 
interventions in the human brain. The development of this brain phantom helped to 
demonstrate how the novel ovipositor inspired method of probe insertion can help to 
overcome these challenges in the field of neurosurgery.  
     Chapter 4 explained the function of the characteristics of the ovipositor tip in which 
anisotropic surface textures affect the penetration method used by ovipositing wasps. 
From a literature review of biological examples of micro-penetrators, a microtextured 
rigid probe was developed to facilitate probe insertion into pig brain tissue and provide a 
gripping effect to reduce probe migration. 
      Building on a kinematic model of a reciprocating mechanism, a simplified concept 
demonstrator was described in Chapter 5. It aimed to show that the reciprocal motion of 
two identical strips, composed of an anisotropic microtextured surface, can achieve tissue 
traversal through specific soft tissue-like material. An experimental rig was designed with 
very low friction air bearings to eliminate the external forces. This allowed the probe to be 
moved by very fine microtextured strips without a net axial push on the tissue (i.e., a zero 
net force). Chapter 5 also provides quantitative results of probe-tissue interaction using 
the gel phantom. These preliminary results included a characterisation of the tracks left by 
the micro-toothed strips travelling on the soft tissue surface. This was studied by rapidly 
taking moulds of the sample and subsequently using confocal laser surface profilometry to 
investigate the surface deformations. It concluded that a reciprocal motion of the 
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microtextured probe could potentially limit the damage to the tissue to be no larger than 
the dimensions of the tooth itself. Moreover the toothed indentation of the tissue can 
provide effective grip on the specific viscoplastic material without any evidence of tissue 
tearing. 
     Chapter 6 proposed a preliminary study which attempted to replicate the penetration 
strategy as experienced by ovipositing wasps. It demonstrated that a multi-part probe, 
composed of an interlocked mechanism with microtextured surface, is able to penetrate 
soft tissue by a reciprocal actuator driving the proximal part of each segment. Results 
were obtained using a four-part probe consisting of either microtextured or smooth 
segments. The main reason for the probe to be designed as multi-segments was to use 
their friction force to facilitate tissue penetration. When two or more segments are 
stationary, they can grip the tissue and allow one moving segment to penetrate through 
the tissue with only the reciprocal friction plus cutting force. The net reaction force 
measured on the soft tissue during reciprocal motion was claimed to be less than that for 
the whole probe when pushing from the back. 
     Using the results of the previous section, Chapter 7 focused on the advantages of 
probes based on reciprocal motion in terms of tissue deformation and reaction force. A 
method to investigate the planar deformation of a soft medium was proposed, using a 
PIV technique normally used to study the flow analysis of fluid and combustion gas. As a 
result, it was shown that the average displacement of micro-particles embedded into the 
transparent gelatine sample, as well as the reaction force measured directly from the 
samples, is significantly smaller than those obtained from direct pushing of the whole 
probe. A key hypothesis is that the reciprocal mechanism reduces the cutting force 
because the moving tip of the segment is smaller than the whole probe. Secondly, the 
tissue-probe surface contact is divided between the segments and reduces the probe-tissue 
interaction. Thirdly, the stationary segments facilitate health of the surrounding tissue by 
gripping the tissue and allow only the moving segment to traverse forward through the 
tissue. Quantitative results of probe-tissue interaction from both gel phantom and 
biological tissues were provided. Evidence indicated the potential to reduce tissue trauma 
with the new method of reciprocal motion. However, this requires further study to obtain 
more evidence of such effects. 
      The final study in Chapter 8 is relevant to clinical applications and shows how a 
toothed surface can help prevent surgical tool displacement by a tribological study of the 
microtextured topography.  This is a further new method for development of the bio-
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inspired probe. The conclusion of this work is that the microtextured topography will 
help the development of medical instruments such as DBS surgery (e.g., 
ventriculoperitoneal shunt and brain retractor) in order to reduce the tool slippage and 
associated complications for the patient. 
 
 
Figure 9.1: Diagram of thesis conclusion 
  
     The study of microtextures and reciprocal motion of multi-part probes has also 
contributed to the development of a biologically inspired soft tissue probe for 
neurosurgery as a part of the EU FP7 ROBOCAST Project. This PhD thesis has 
provided the fundamental basis for the concept of a reciprocal motion multi-part probe 
leading to the integration of a fully functional flexible probe system developed at 
Mechatronics in Medicine laboratory, Imperial College London. Thanks to the 
programmable bevel tip, the flexible probe can achieve steering capabilities in a compliant 
medium along curvilinear trajectories with different radii, which is a function of the offset 
of the segment. In order to solve the problem of the use of conventional rigid 
instruments, a new method of reciprocal motion for steerability along curved paths within 
the soft tissue, is presented in Appendix A. The reciprocal motion technique overcomes 
the straight-line trajectory limit of conventional rigid probes. By enabling flexible insertion 
trajectory curves, surgeons will be able to maximize safety during the insertion process. In 
addition, the new method has the potential to be used to develop new clinical approaches 
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for diagnostic tissue sampling and localized therapy procedures. Nevertheless, much work 
is still required for this aim to be fulfilled. 
 
9.2 Summary of salient contributions 
This thesis has demonstrated salient contributions to the objectives stated in Chapter 1 as 
the following: 
 
1) Percutaneous interventions require a minimally invasive approach and curved 
trajectories which can be inspired by examples found in nature such as ovipositing 
wasps. 
2) The conventional method of tool insertion affects probe-tissue interaction in 
terms of reaction force, and of tissue deformation and damage. 
3) Brain phantoms suitable for probe insertion were developed using gelatine and 
agar gel. Their properties were verified by mechanical testing. 
4) The novel insertion method, inspired by ovipositors, consists of three key 
features; microtextured geometries, multi-segment probes and reciprocating 
mechanisms. 
5) The concept of an insertion method using reciprocating motion of a multi-part 
probe, coupled with microtextured surfaces, was demonstrated to achieve tissue 
traversal both theoretically and experimentally. 
6) The probe microtextured surfaces are able to be used in clinical applications. 
a) The geometry of microtextured surfaces can modify frictional forces as a 
result of interaction between the tissue and the probe surface. 
b) The use of microtextured structures on the surface of DBS leads can result 
in a reduction of lead migration during brain shift. 
7) The concept of tissue traversal using a reciprocating motion of a multi-part probe, 
together with microtextured probe surfaces is demonstrated by; 
a) A successful demonstration of tissue traversal using reciprocating motion 
of two microtextured structures on a compliant surface was achieved with 
almost zero net force between the tissue and the probe. 
b) By replicating the mechanism of an ovipositor, tissue traversal was shown 
using reciprocal motion of a four-part probe to penetrate compliant 
media. 
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c) Evidence was provided that reciprocating motion of a multi-part probe 
can provide advantages such as less reaction force, minimal tissue 
deformation and reduced tissue destruction. However, quantitative 
investigation of the tissue damage was not undertaken. 
8) A flexible multi-part probe, able to steer along curved trajectories into compliant 
media, has been developed in order to provide the next generation surgical tools. 
    
 
9.3 Future work 
The research in this thesis demonstrated the feasibility of a novel bio-inspired method for 
achieving tissue traversal in a compliant media with minimal tissue damage. Nevertheless, 
further work needs to be done to complete the novel concept. More research into 
biological tissue and prototypes for medical application is essential. Five future research 
areas are described in the following section. 
 
9.3.1 Computation modelling 
Advanced modelling, e.g., finite element analysis is necessary to investigate the tissue-
probe interactions which should be verified with experimental results. This modelling 
approach can investigate many prospective aspects. 
 A kinematic model of the rigid four-part probe is required to fully investigate the 
interlocking system, particularly the internal friction forces acting between contact 
segments. 
 Building on the foundations of the surface-tissue interaction presented in Chapter 
4, 5, 6 and 8, a numerical model of the surrounding tissue in contact with the 
toothed surface is required, in order to understand the tissue behaviour and 
stress/strain distribution. 
 A kinematic model of probe segment-tissue interaction, during reciprocal motion 
of a four-part probe inserted into the soft tissue, should be optimized. However 
some basic mechanical models of probe insertion by direct push and reciprocal 
motion have been demonstrated in Appendix B. 
 The experimental results from Chapter 7 by the PIV technique need to be verified 
by FEM analysis to investigate the tissue deformation and stress distribution 
according to force measurements. 
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 The complex behaviours of tissue damage such as crack propagation, fracture 
toughness, tissue avulsion, etc. need to be studied in order to design the probe 
geometry and fine-tune the reciprocating motion to reduce tissue destruction. 
 Further research should be conducted into trajectory planning whereby the route 
of a steerable probe depends upon a risk-based algorithm for a 2D brain atlas. 
This work has been initially studied as described in Appendix C. 
 
9.3.2 Medical instrumentation 
The development of a flexible probe for soft tissue intervention needs to focus on the 
following points: 
 Identification of medical grade or biocompatible materials suitable for 
manufacturing flexible multi-part probes for medical instrumentation.  
 The development of the reciprocal probe has the potential to reduce its size to 3-
6mm in diameter, as used in standard types of neuroendoscope [39]. This 
dimension should afford a small working channel in each segment in order to 
insert a micro catheter for drug delivery, a micro-instrument for complex 
procedures and an optical fibre for visualization. 
 
9.3.3 Actuated cantilever device 
New microtextured probes have been developed as a result of collaboration with Dr 
Andreas Schneider, at the Micro and Nanotechnology Centre Rutherford Appleton 
Laboratory. A novel bimorph cantilever-type actuator for medical instruments, 
particularly for use as a DBS electrode, is being manufactured. Based on the results of 
Chapter 8, the micro-toothed structure can provide grip to the surrounding tissue. 
However, this version is not suitable for removing and replacing the instrument due to 
the possibility that tissue may be ripped out. Therefore, a novel design of probe is 
required, capable of actuating a cantilever-hook by applying a small current (mA) into 
special cantilever actuators. This would allow the deflection to be reversed, causing the 
cantilevers to flatten and retract during probe insertion and extraction (Figure 9.2). This 
project has been fund by National Institute for Health Research as part of the Invention 
for Innovation (i4i) programme.  
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Figure 9.2: Illustrations of the novel cantilever-actuator probes: (a) the probe consists of 4 
electrodes and a row of cantilevers, (b) the bidirectional cantilevers (size 500µm in height) 
are able to flatten by applying a micro current (Image courtesy of Dr Andreas Schneider). 
 
9.3.4 Tissue deformation study  
In order to demonstrate the quantitative analysis of tissue deformation and target 
displacement, some methods were used despite of their limitations. For example, digital 
microscope, photoelastic and pulse image velocimetry (PIV) techniques need a 
transparent sample with fudicial markers and confocal laser scanning requires a long time 
for experiments. However a high resolution 3D image is necessary using advanced image 
technologies, e.g., ultrasound, CT or MRI, because target tracking should be studied with 
high accuracy for medical research. 
 
9.3.5 Histological analysis 
Analysis of tissue trauma is a much more complicated procedure because of the many 
factors involved, e.g., ethical approval, tissue preparation, sample staining, pathological 
interpretation, etc. However, the results of this study will be ultimately useful to fulfill the 
advantages of the new insertion method of bio-inspired probe intervention. Further 
research should be centered upon:  
 An in vivo histological analysis should be studied to quantify the tissue damage 
which happens due to mechanical injury of the tissue architecture and cellular 
structure. However, ethical approval for animal experiments will be required.   
 Dead and living cell assays (Histo-fluorescence study) will be used to investigate 
the cell viability of the tissue surrounding the shaft and at the tip of the probe. 
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The aim is to quantitatively compare the tissue destruction resulting from direct 
pushing with that from reciprocating motion.  
 
9.4 Conclusions 
To conclude, the feasibility of a novel biologically-inspired method based on reciprocal 
motion for percutaneous interventions has been demonstrated. This uses biomimetic 
based engineering to achieve minimally invasive interventions in the field of medical 
robotics to provide the next generation surgical tools. The results from this thesis can 
provide enough evidence to ensure that one day the methods will be developed for 
clinical trials in neurosurgery. 
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Appendix A: Other applications of bio-
inspired flexible probe 
 
 
At Mechatronics in Medicine Laboratory, Imperial College London, the bio-inspired 
flexible probe for curve trajectory and buckling prevention has been developed. The 
following research presented in this section was conducted by my research fellow: Luca 
Frasson, who was responsible for modelling and manufacturing the final flexible probe 
and investigated the steering and buckling mechanism in compliant media. 
 
1 Steerable bio-inspired probe 
1.1 Flexible multipart probe 
 
 
Figure A.1: Flexible probe prototypes: each probe is 4.4mm in diameter, made of two 
interlocked halves and shows a very high degree of flexibility [1]. 
 
While conventional neurosurgical instruments are rigid and can only be used to achieve 
straight line trajectories, the biomimetic design will enable curved paths connecting any 
entry point to any target within the compliant media to be followed autonomously. On 
the basis of these early experiments, which justify current work on the development of a 
biologically inspired flexible probe for soft tissue intervention, the key assumption of 
anisotropic surface texturing as an aid to forward motion by means of a reciprocating 
mechanism was demonstrated in Chapters 5 and 6. A preliminary flexible probe made of 
two interlocking halves and in the early stages of manufacture is shown in Figure A.1. The 
probe was made via rapid prototyping in a soft rubber-like material with high elasticity 
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(Tango BlackTM, Objet; tensile strength 2 MPa; elongation at break, 47.7%, Objet 
Geometries Ltd.), which has an outer diameter of 4.4mm, and is highly flexible.  
 
1.2 Steerable multi-part probe 
Goldberg et al. showed that when a flexible needle with a bevel tip is pushed through soft 
tissue, the asymmetry of the tip itself causes the needle to bend to follow a curved 
trajectory, as seen in Figure A.2 [2]. Webster et al. [150] proposed that, based on this 
mechanism, a properly designed needle tip geometry can be steered through tissue to 
reach a specified target. Results of their tests show that the bevel-tip flexible needle is 
capable of producing a circular trajectory as it travels through the tissue. 
 
 
Figure A.2: (Left) Symmetric-tip needle provides straight trajectory due to the balance 
between reaction forces. (Right) While a bevel-tip needle provides a curved trajectory due 
to asymmetrical forces acting on the tip [2]. 
 
A novel steering mechanism for curvilinear trajectories is achieved using the offset of a 
bevel tip in the flexible bio-inspired probe (developed at Imperial College). Figure A.3 
demonstrates the steering mechanism of a flexible two-valve probe in a 2D plane. 
Asymmetrical resistive forces acting on the bevel-tip of a projecting part are able to bend 
the probe along a curved path.  The offset part is able to provide the asymmetrical bevel-
tip and deflects according to the interaction between bevel angle, probe stiffness and 
tissue consistency. The unsupported length of the protruding segment is the key 
parameter that determines the radius of curvature. The longer the protruding offset, the 
smaller radius of curvature. Thus, the offset length can be used as a “programmable bevel tip” 
to control the insertion trajectory. 
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Figure A.3: Diagram of asymmetrical resistive force acting on two non-aligned probe 
segments of the flexible two-part probe. This causes a curved trajectory and leads the 
whole probe to follow that path. 
 
 
 
Figure A.4: An example of double curvilinear trajectories of a flexible probe (outer 
diameter = 12mm, length = 200mm) steering to avoid an obstacle in a gelatine phantom 
[3]. 
 
Figure A.4 illustrates the preliminary result of a flexible two-part probe (length = 200mm, 
outer diameter = 12mm) that was pushed from the base by a cable-link actuator into the 
brain-like phantom made from gelatine. Each half segment has an identical bevel angle. 
Therefore, a given offset of the segment can generate only one radius of curvature in a 
particular material. The lower segment was protuded to create the first curve trajectory to 
avoid collision with an obstacle. Subsequently, the upper segment followed and then led 
the whole probe to curve backward along the obstacle boundary as the second cuvature. 
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2 Reducing buckling in the bio-inspired probe 
The third advantage of a multi-part probe is its stabilization effect. As explained in 
Chapter 6, the four–part probe is able to penetrate through the medium by allowing a 
segment to be moved forward with respect to the three stationary parts during 
reciprocation motion. This mechanism facilitates the reduction of cutting force at the tip 
and provides support for the moving part along its length. Moreover, the following parts 
can move along the rail of the bio-inspired probe’s interlocking system on a guided 
trajectory to the tip. This strategy can prevent the probe going off the track as a result of 
minimizing the risk of buckling when achieving a curved path (Figure A.5). It also 
believed to reduce the amount of tissue deformation, and consequently tissue damage, 
resulting from the tissue-probe interaction of the sliding segment. 
 
 
 
Figure A.5: Diagram of probe buckling inside the compliant medium. The insertion force 
applied at the probe base causes the middle of the probe to buckle, preventing the tip 
from reaching the target. A reciprocal motion of the multi-part probe is believed to limit 
the buckling effect. 
 
 
3 Conclusions 
The multi-disciplinary research effort on steerable robotic surgery are presented, the 
flexible multi-part probe described here fuelled the research into a novel flexible soft 
tissue probe for percutaneous intervention, which is able to steer along curvilinear 
trajectories within a compliant medium with variable steering and reduce buckling.  
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Appendix B: Mechanical model of 
reciprocal motion of multi-part probe 
into compliant media 
 
 
 
INTRODUCTION 
Minimally Invasive Surgery (MIS) has become the preferred choice for the treatment of a 
number of pathologies. It offers several important advantages for the patient, such as 
reduced stress and strain to soft organs during the procedure. In order to improve upon 
present robotic systems for minimally invasive surgical interventions, much can be learned 
from biology. For instance, the ovipositor of the wood wasp [82] (Sirex noctilio) is an 
excellent example of a natural microsurgical probe. Currently, I have been focusing on the 
development of a novel soft tissue probes for MIS, which can be used to insert into soft 
tissue by exploiting the unique boring motion of certain wood boring wasps. In contrast 
to conventional surgical instruments, which are inserted via force from outside the body, 
the reciprocating motion of the wood wasp would allow force projection from the tip. 
This then allows for non-straight line trajectories, not possible with present probes. This 
work the reciprocating mechanism for tissue traversal from my previous work [99]. In 
particular, while in that work I highlighted the experimental evidence for anisotropic 
friction, in this paper I model the forces to better understand how it can be used in 
reciprocating motion by a multi-part probe to traverse soft tissue.  
 
MATERIALS AND METHODS  
A four-segment rigid probe was fabricated from Durus White material (6.0mm in 
diameter, comparable with some commercial neuroendoscopes) using rapid prototyping. 
The overall length of the probe was 130mm, and ended with a conical tip. Each segment 
was moved either simultaneously or reciprocally by a robotic actuator. Agar gel, with a 
concentration of 1.0%wt., which I reported representing human brain properties, was 
used to test for tissue traversal. The agar sample was placed inside a transparent box 
(24x54x79mm) constructed with a hole, allowing the probe to be partially embedded 
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30mm deep inside the soft tissue. The box was placed on wheel bearings mounted at the 
far end with a force sensor (Honeywell FSS Low Profile 1 axis Force Sensors, with 
operating force of 0-14.7N) to measure the force in the plane of probe insertion into the 
soft tissue. The experiment was divided into two phases. Firstly, all segments of the  
multi-part probe were pushed forward simultaneously by 5mm through the sample with a 
speed of 1mm/s. Secondly, each segment of the multi-part probe was alternatively pushed 
forward into the tissue with the same displacement of 5mm during 1 sec, with 0.33 sec 
pause interval as show in Figure B.1. The aim of this experiment is to compare the probe-
tissue interaction forces between direct pushing and reciprocating motion.  
 
     
Figure B.1: (Left) The diagrams of direct insertion and (right) reciprocating motion of a 
multi-part probe into soft tissue.  
 
 
RESULTS  
The force profile in Figure B.2 shows the comparative results of direct and reciprocating 
insertion of the probe into soft tissue. Due to the measurement of forces acquired by 
tissue absorption from the probe motion, the force increases rapidly during initial probe 
insertion followed by a lesser gradient. Thus, the direct pushing of the probe transmits the 
large amount of force to the tissue by as much as 0.45N. However, the soft tissue collects 
the minimal forces of 0.1N and 0.3N given by the reciprocating motion of the first 
through the fourth segment respectively. Three probes anchoring the tissue means less 
force is required to move the remaining probe inward. As a result, the reciprocal probe 
imparts two thirds of the interaction force obtained from direct pushing. The force profile 
of the reciprocating motion exhibits a ladder pattern because the following segment 
penetrates into the tissue and increases the accumulating force superimposed by the 
previous tissue relaxation.  
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Figure B.2: Force profiles comparing between direct insertion and reciprocating motion 
of a four-part probe. 
 
 
DISCUSSION  
From my analysis of the experimental results, I have generated a viscoelastoplastic model 
(Figure B.3) using Simscape (Matlab R2009b). I assume that the probe is motionless and 
initially embedded 30mm inside the soft tissue in contact with the surface of the tissue. 
The probe insertion behaviour is divided into two phases in conjunction with the 
experiments.  
 
Figure B.3: Viscoelastoplastic model of direct probe insertion and force profile obtained 
from Simscape simulation.  
 
Pre-sliding phase; the combined four-segment probe is pushed inward at constant 
velocity, with the static friction force between the probe and the tissue matching the 
pushing force. This static friction is represented as a stuck box in Figure B.3, and causes 
the tissue surrounding the probe to deform with probe displacement (velocity at      ) 
corresponding to a standard linear viscoelastic model [71].  
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                                                  (B.1)  
 
      Sliding phase; the combined probe is sequentially pushed deeper and turns the static 
to dynamic friction while the probe is sliding with difference velocity (     ) relative to 
surrounding tissues as exhibited by the slip box in Figure B.3. At the same time, the tip of 
the probe cuts through the soft tissue in order to obtain irrecoverable displacement of 
tissue disruption as a result of tissue traversal. This behaviour is demonstrated in the 
following model as a viscoplastic deformation by a damper in parallel with transitional 
friction model [71].  
 
                                         (B.2) 
 
     In contrast to the combined probe, the multi-part probe is able to move reciprocally 
by using the same probe as direct pushing. The results in Figure B.2 show how the 
motion of the reciprocal probe transmits less force while penetrating the soft tissue with 
similar displacement and velocity. With the four-part probe sample, three-stationary 
segments are anchoring the contacting tissue, allowing the moving segment go forward. 
The tissue absorbs 0.1N of the peak force (Figure B.2) due to the summation of the 
cutting force and the dynamic friction force. Subsequently, there is a relaxation by the 
tissue which increases with the number of probe insertions. This may be due to a 
continuation of ongoing relaxation. The relaxation to peak force remains constant at 
0.1N. From this experimental data, I have developed a simple model of 
viscoelastoplasticity for reciprocating motion and a force profile from simulation, shown 
in Figure B.4.  
    
Figure B.4: Viscoelastoplastic model of a four-part probe employing reciprocal motion 
and force profile from Simscape simulation.  
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This behaviour can be modelled by the combination of four elements of 
vicoelastoplasticity for each probe segment. The viscoelastic model links four sliding 
elements via a    node and exhibits soft tissue characteristics such as relaxation, creeping 
and hysteresis [71].    represents cutting deformation at the tip of the probe as a set of 
parallel dampers. When the first segment moves a distance to traverse the tissue, the other 
three segments hold the tissue model in place. Thus the moving segment overcomes the 
resistance due to static friction and thus penetrates the soft tissue. Finally, this segment 
reaches an end point and stops, thereby compressing the viscoelastic element and 
displacing the damper in front of it. This phenomenon can cause tissue relaxation, which 
in turn causes a lesser amount of force to be needed for the next probe to be inserted 
(and the dumper to be compressed). In addition, this probe-tissue interaction model is 
able to demonstrate the force profile from the Simscape simulation (Figure B.4), which is 
explicable and compares well with the real data.  
 
CONCLUSION 
This research introduces a model of probe-tissue interaction for soft tissue intervention 
which can aid comparisons between direct insertion and reciprocating motion of a multi-
part probe. In summary, the reciprocal mechanism of our novel soft tissue probe is able 
to minimize force during insertion, which is expected to reduce tissue deformation and 
damage. The next stage is to scale the probe further and perform measurements in vivo, 
while refining and further validating the model.   
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Appendix C: Anatomical risks grading 
for route planning 
 
 
 
INTRODUCTION 
Neurosurgeons currently favour minimally invasive surgical (MIS) techniques, such as 
microsurgery and neuroendoscopy, which enable brain lesions to be targeted with higher 
accuracy and fewer surgical complications than with conventional open surgery. There are 
several cerebral pathological diseases such as brain tumours, haematomas, abscesses, cysts, 
hydrocephalus, and abnormal functional brain lesions that can be treated by adopting a 
minimally invasive approach. Advanced brain imaging is used preoperatively to identify 
the target location, size, approach, adjacent structures etc. It is critical during the planning 
of a specific procedure to reach a lesion inside the brain through an accessible entry point, 
via the shortest possible pathway, and along a trajectory which avoids complex structures, 
such as blood vessels, the motor cortex, the neural tract, the ventricular system or the 
brain stem. Rigid instruments, however, limit entry paths to follow a straight trajectory, 
which drastically reduces the planning choices to maximise safety during the insertion 
process that a surgeon is able to make. A biomimetic, soft tissue, steerable probe is 
currently being developed at Imperial College that will enable minimally invasive 
instrumentation to be accurately placed a much wider range of locations inside the brain. 
In order to capitalise on the potential benefits of a steerable probe, it becomes necessary 
to model the brain volume and associated risk areas in significantly more detail than was 
previously required. The ability to steer minimally invasive instrumentation through the 
brain, and around critical organs and/or obstructions, warrants a study into the path 
planning requirements for a flexible probe.  
      My work was performed by using neuroanatomy and physiology to categorize the 
anatomical zones according to their functions and risks of damage. Dr Andy Turner, also 
from Imperial College contributed to this work by using the fast marching method to 
provide the route planner for neurosurgery [151]. 
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METHODOLOGY 
A concept diagram of the proposed route planner is illustrated in Figure C.1. The main 
application requires information about anatomical structures, the exact location of the 
target lesion and a user specified position and orientation for the minimally invasive 
instrument to be inserted into the brain. The software also requires specific information 
about any constraints imposed by the specific instrument to be navigated (e.g. maximum 
radius of curvature, maximum depth, and probe diameter) and, optionally, a specific 
position for the entry point of the minimally invasive procedure.  
     The route planner utilises the information provided by the user to morph the shape of 
a labelled anatomical model, where three-dimensional areas and organs have been 
associated with defined risk values from a dataset. An optimisation algorithm is then used 
to generate the optimum trajectory in the form of 2D simulated image taking into 
account. The probe target position and orientation and any constraints introduced by 
limitations of the probe will intersect the target at minimum risk i.e., by traversing areas 
with a reduced risk factor and avoiding areas of high risk.  
 
 
 
Figure  C.1: Technical approach algorithm composed of input functions , route-planner 
process and output parameters. 
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C.1 Functional and pathological risk grading of brain anatomical 
structures 
Brain anatomy is complex and associated with functional structures. Accordingly, digital 
brain atlas has been developed since many years subsequently imaging technology and 
digital processing was introduced starting from diagnostic image to preoperative planning 
and real time navigation system. Currently, a digital brain atlas includes not only 3D 
anatomical details for education or pre-operative planning, but segmentation and 
matching algorithms such as functional MRI [152]. Many research groups have studied 
neuropathotology of brain structures by advanced image processing [153]. The risk-related 
brain structure in this project is reported in order to optimise the safety zone and generate 
a least traumatic route for pre-operative approach planning in minimally invasive 
neurosurgery. 
     The brain, the most complex structure composed of several specific zones, neural 
networks, and particular functions of more than 100 neuronal structures. In terms of 
surgical approaches to access deep zones of the brain, some areas present more risk than 
others; consequently pre-operative route entry plays an important role. For example, a 
conventional neuroendoscope is usually passed through a key hole at the right frontal area 
to reach a ventricular cavity with the safest route. Nevertheless some zones, such as the 
brain stem, should not be accessed. 
     Standard classification for clinical neuroanatomy is currently achieved using, for 
example, the WHO pathological grading of brain tumour [154], the intracerebral 
haemorrhagic grading for neuroloradiologists and the Glasgow coma scale [155] for 
clinical grading of neurotrauma. However, the grading or grouping of the risk-related 
brain structures is implemented with digital brain segmentation in a normal brain in order 
to categorize the numerical zones. 
     The risk-related brain structure is a determination of the severity of dysfunction, which 
enables sorting into 6 groups according to neurological prognosis after the damage of 
each structure as shown in Table C.1. For example, a ventricular system which is a 
communicating intracerebral cavity filled with cerebrospinal fluid, is grouped as an 
accessible zone because it is a common potential chamber for endoscopic manipulation. 
In contrast, the most dangerous zone is the brain stem, the respiration and heartbeat 
centre, which is considered an untouchable area. This brain structure risk classification is 
preliminarily derived from two experienced clinical neurosurgeons, who proposed these 
pathological risk categories. 
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Grading Grouping 
zone 
Group of neural functions Risk of damage 
1 Accessible Ventricular system 
Intraventricular 
haemorrhage 
2 Common Memory area 
Transient memory 
deficit 
3 Careful 
Emotional control centre  
(limbic system) 
Emotional imbalance 
4 Warning 
Integrate centre, for motor, sensory, 
visual, auditory,  
speech functions 
Coordination function 
deficit 
5 Avoid 
Main motor, somatosensory, visual 
and auditory functions 
Weakness, visual, 
speech and auditory 
deficit 
6 Dangerous 
Vital centre such as cardiac and 
respiratory centre, reticular 
activating system 
Coma, dead 
 
Table C.1: Grouping of pathological risk categories of brain anatomical structures. 
 
A segmentation of 83 anatomical regions of the digital brain anatomy was obtained from 
high resolution MRI image processing of a normal human brain corresponding to their 
nomenclature of both cerebral hemispheres. Three anatomical regions, the brain stem, 
third ventricle and corpus callosum, are midline single compartments, with the remaining 
40 being symmetrical structures. The grading system is classified into 1 to 6 scores 
depending on the increasing severity of dysfunction prognosis: accessible; common; 
careful; warning; avoid; and dangerous zone (Figure C.2). The classification process was 
started by ranking all 83 structures and grouping into the 6 main functions: ventricular 
system; memory area; emotional control centre; integrate unit; motor-sensory area; and 
vital control centre (Table C.1). The risk-related data acquisition was implemented using a 
digital segmentation algorithm to obtain image reconstruction in the computerised 
processing. 
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Figure C.2: Risk grouping of neural structures (Image courtesy of Chunping Gao). 
 
C.2 Digital brain segmentation  
This algorithm was incorporated information extracted from MRI images as an opened 
software accessed by a widely used digital anatomical atlas of the healthy human brain 
(Volview-3D) into a precise mathematical framework which quantifies the risk of 
damaging brain structures. 
 
DISCUSSION 
This is a preliminary work which deals with path planning for curved trajectories. Given a 
target point inside the brain structure, the algorithm can calculate the risk for paths to all 
relevant points on the brain in 2D. Brain atlas and image registration were used in order 
to determine risk values for each part of the brain region. The user is able to select the 
entry zone and specific area to avoid, with the results displayed as a 2D rendering of the 
axial view of the brain atlas, coloured by risk values. The curved path can be optimized 
within its constraints by setting, for example, the minimum radius of curvature. It can 
generate a safe path that completely avoids the major critical structures like the brain stem 
and can be extended to provide the detection of blood vessels, based on vascular imaging 
(angiograms). 
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CONCLUSION AND FUTURE DEVELOPMENT 
The route planner for the brain is a research project to implement soft tissue navigation 
with a steerable probe for minimally invasive neurosurgery while obtaining optimum 
accuracy and trajectory. Beyond the progress described here, there are still many 
challenges, especially in the application of matching the digital brain atlas to other clinical 
modalities. 
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